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1 . v INTRODUCTION 

^The  purpose  of  the  subject  report  is  to  present  a technical 
practice  for  the  design  of  rudders  and  diving  planes.  This  re- 
port precedes  NAVSEC  Report  6136-74-272,  titled  "Development  of 
a Technical  Practice  for  Rudders  and  Diving  Planes,  Part  II, 

Torque  Predictions"  which  assumes  a given  control  surface  configu- 
ration and  provides  a procedure  for  calculating  the  forces  and 
moments  acting  on  the  rudder.  This  report  addresses  those  design 
considerations  not  involved  in  the  actual  control  surface  torque 
calculation.  In  the  course  of  this  development  the  current  NAVSEC 
procedure  for  certain  aspects  of  control  surface  design  was  updated 
and  documented,  the  current  state  of  the  art  for  control  surface 
design  was  defined  and  recommendations  were  made  for  future  research 
and  development  to  fill  gaps  in  the  current  technology.^ 

Section  2 of  this  report  contains  the  documentation  of  the 
following  current  procedures. 

(1)  Size,  Shape  and  Location  of  Rudders  and  Diving  Planes 

(2)  Computer  Programs  for  Control  Surfaces  Design 

(3)  Stress  Analysis  of  Surface  Ship  Rudders 

(4)  Minimum  Cost  and  Minimum  Weight  of  Surface  Ship  Rudders 

In  addition  to  documenting  the  procedure  for  estimating  the 

minimum  cost  and  weight  of  rudders  a correction  was  made  to  the 
equation  for  rudder  cost  which  yields  answers  different  from 
those  obtained  with  the  original  equation  from  Mr.  Hewitt  Lo 
in  Code  6136. 


In  Section  3 the  current  state  of  the  art  is  defined.  Em- 
phasis is  placed  on  describing  the  handling  quality  criteria 
and  the  methods  of  prediction  of  ship  motion  as  these  are  the 
areas  of  greatest  interest  relative  to  NAVSEC's  design  procedure 
Section  **  presents  our  recommendations  for  future  research 
and  development  based  on  the  survey  and  Interpretation  of  litera 
ture  reviewed.  The  Technical  Practices  Manual  has  been  revised 
to  properly  represent  current  rudder  design  practice. 


m 


2.1  Size,  Shape  and  Location  of  Rudders  and 


2.1.1  Surface  Ship  Rudders 

In  general  the  number  of  rudders,  their  size  and 
location  are  determined  on  the  basis  of  previous  experience  as 
we  1 i as  the  particular  requirements  on  the  design  itself. 

2 . 1 . 1 . 1 Number  of  Rudders 

The  number  of  rudders  nearly  always  matches 
the  number  of  propellers.  Even  on  a single  screw  ship  with  strin- 
gent maneuverability  requirements,  one  rudder  would  generally  be 
preferred  over  two  since  two  rudders  are  costlier,  heavier,  and 
require  more  area  for  the  same  lift  produced.  For  a twin  screw 
ship  two  rudders  are  usually  called  for  in  order  to  obtain  better 
maneuverability  at  low  speed  by  placing  each  rudder  in  the  wake 


of  the  prope 1 ter . 


2. 1.1. 2 Rudder  Location 
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Rudders  are  generally  located  away  from  the 
position  directly  in  line  with  the  propeller  shafting  in  order  to 
avoid  the  propeller  cone  vortex.  This  is  even  done,  wherever 
possible,  for  high  power  single  screw  ships.  However,  the  rudder 
is  always  placed  partially  in  the  propeller  race. 

Adequate  clearance  should  be  provided  to 
minimize  the  risk  of  vibration  and  allow  the  removal  of  the  pro- 
peller without  unshipping  the  rudder.  In  some  cases  unshipping 
the  tail  shaft  may  require  turning  the  rudder  and  removing  portable 
rudder  plates,  although  this  is  avoided  whenever  possible. 
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To  avoid  vibration  the  minimum  distance 
atlowed  between  the  leading  edge  of  the  rudder  and  a point  on  the 
line  of  maximum  thickness  of  the  propeller  blade  and  0.7  radius 
from  the  shaft  centerline  should  equal  one-half  the  propeller 
d i ame  ter. 

The  rudder  - rudder  stock  combination 
should  be  designed  so  as  to  permit  unshipping  the  rudder  without 
special  high  blocking.  Where  the  rudder  cannot  be  dropped  enough 
directly  downward,  provision  should  be  made  for  first  lifting  the 
stock  within  the  ship.  Tilting  the  rudder  on  the  rudder  stock 
is  possible  but  should  be  avoided  except  as  a last  resort. 

The  rudder  should  be  well  submerged  even 
with  the  ship  lightly  loaded  aft  and  heeling  in  a turn.  In  some 
cases  it  may  be  necessary  to  use  a rudder  stool  to  obtain  proper 
rudder  immersion  and  to  place  more  of  the  rudder  Into  the  pro- 
peller race.  The  rudder  should  extend  below  the  baseline  as 
little  as  possible  to  minimize  grounding  damage.  However,  some 
rudders  extend  as  much  as  six  feet  below  the  baseline  to  obtain 
adequate  submergence  and  the  desired  aspect  ratio. 

2 . 1 . 1 . 3 Rudder  Shape 

Rudder  section  shape  is  defined  by  the  NACA 
symmetrical  four-digit  series.  The  maximum  thickness/chord 
ratio  normally  permitted  is  0.23. 

Spade  rudders  are  generally  preferred  over 
the  horn  rudders  since  they  develop  more  lift  for  the  same  area, 
are  easier  to  unship  and  the  design  data  is  less  empirical  than 


2-2 


that  for  horn  rudders. 

The  after  edge  has  a definite  half-breath 
and  is  left  sharp  since  this  slightly  improves  lift.  The  sharp 
edges  do  not  add  to  the  cost  and  provide  the  required  strength. 
Sections  are  specified  at  the  root  and  tip  chord  with  straight  lines 
connecting  like  numbered  stations. 

The  rudder  profile  should  be  tapered  to 
save  weight  and  reduce  the  bending  moment. 

2 . 1 . 1 . 4 Rudder  Size 

Rudder  areas  are  generally  proportioned 
upon  length  and  draft  from  similar  previous  ships.  An  approxima- 
tion for  the  required  rudder  size  to  provide  adequate  directional 
stability  and  the  required  turning  radius  can  be  obtained  from 
statistical  data.  DTMB  translation  #321  provides  a graph  for 
minimum  rudder  sizes  for  directional  stability  and  for  rudder 
size  and  turning  ability  at  a 35  deqree  rudder  angle.  For  des- 
troyer type  ships  the  tactical  diameter  can  be  checked  to  see  if 
it  meets  the  requirements  in  the  ship  specification  by  running 
NSRDC  program  Code  1524  for  several  rudder  areas.  The  output  from 
this  program  is  turning  diameter  in  shiplengths  and  yards  versus 
rudder  angle  and  speed-length  ratio. 

2 . 1 . 1 . 5 Verification  of  Preliminary  Design  Estimate 

In  the  final  contract  design  free  running 


model  tests  are  run  to  verify  the  computer  results.  These  model 
tests  when  compared  to  full  scale  results  are  accurate  to  j_5%. 
However,  to  ensure  meeting  the  required  turning  radius  in  sea 


trials  a minimum  of  a 10%  margin  over  model  test  predictions 
should  be  provided  since  full  scale  trial  data  may  be  erratic. 

In  addition,  to  tactical  diameter  model  tests,  zig-zags  (Kempf 
or  Z maneuver)  and  spiral  maneuver  (Dieudorme)  tests  are  run. 

2.1.2  Submarine  Control  Surfaces 

The  basic  function  of  submarine  control  surfaces 
is  to  give  positive  directional  stability,  good  depth  and  course 
keeping  ability  and  good  ability  to  initiate  and  check  trajectory 
changes.  The  preliminary  design  estimate  of  required  control 
surfaces  is  generally  model  tested  by  NSRDC  and  adjustments  made 
as  necessary. 

2 . 1 . 2 . 1 Submarine  Rudders  and  Rudder  Stools 

The  design  of  submarine  rudders  is  generally 
similar  to  that  of  surface  ships.  One  special  problem  associated 
with  the  topside  rudder  of  a submarine  is  the  flow  disturbance 
caused  by  the  sail  and  the  superstructure.  Because  of  this  wake 
disturbance  the  topside  rudder  is  not  very  effective  for  directional 
stability  where  small  angles  are  involved  even  though  quite 
effective  for  turning.  In  some  designs  the  topside  rudder  is 
mounted  on  a rudder  stool  to  decrease  the  wake  disturbance  and 
improve  the  directional  stability.  Directional  stability  may  be 
improved  with  the  use  of  vertical  stabilizers  which  may  also  house 
the  sonar  units. 

For  an  initial  estimate,  rudder  area  is 
considered  proportional  to  displacement  and  ratios  or  these  are 
obtained  from  similar  previous  submarines.  The  rudder  may  extend 
below  the  baseline  if  necessary. 


2 . 1 . 2 . 2 F a i rwa  t e r Plane 


Fai rwater  planes  are  more  commonly  called 
for  in  design  than  bow  planes.  Bow  planes  have  to  be  stowed  by 
folding  or  rotating  when  surfaced.  Even  when  folded  they  protrude 
from  the  hull  so  pounding  in  a seaway  is  increased  and  docking  is 
made  more  difficult.  The  use  of  fairwater  planes  also  releases 
space  forward  for  sonar  and  torpedo  tubes,  removes  forward  plane 
noise  from  the  sonar  dome  area,  and  fairwater  planes  may  be  used 
as  a gangway  for  access. 

Fairwater  plane  outreach  is  usually  kept 
within  maximum  hull  dimensions  to  allow  for  rolling  alongside  a 
dock.  The  height  of  the  planes  is  of  importance  in  relation  to 
avoiding  difficulties  in  periscope  - depth  control.  Positioning 
the  planes  too  high  may  cause  loss  of  plane  effectiveness  at 
periscope  depth. 

The  leading  edge  is  usually  raked  to  de- 
flect mine  cables.  Tips  should  be  rounded  to  reduce  noise  levels. 

As  with  the  submarine  rudders,  the  fairwater 
plane  areas  are  proportional  with  displacement  and  ratios  of 
these  are  obtained  from  similar  previous  submarines. 

2 . 1 . 2 . 3 Stern  Planes  and  Stabilizers 

Stern  plane  area  is  directly  proportional 
to  displacement  and  inversely  proportional  to  length.  The  area  ' 
required  is  usually  too  large  to  be  all  moveable  to  accommodate 
the  necessary  steering  gear  so  part  of  It  is  installed  as  a fixed 
stabilizer. 
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The  planform  and  location  of  stern  plane 
and  stabilizer  are  selected  with  the  following  considerations  in 


! 
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addition  to  conventional  hydrodynamic  efficiency. 

a)  The  leading  edge  rake  should  be  such  as 
to  delflect  mine  cables;  for  no  rake  or  very  small  rake,  cable 
guards  should  be  provided. 

b)  A minimum  distance  equal  to  one  propeller 
radius  should  be  maintained  between  a point  located  on  the  line  of 
maximum  blade  thickness  0.7  radius  from  the  shaft  centerline  to  the 
nearest  edge  of  the  stern  plane. 

c)  The  span  which  usually  exceeds  the  beam 
should  be  limited  so  as  to  facilitate  nesting,  coming  alongside  a 
dock,  and  for  larger  subs  to  increase  the  availability  of  the  number 
of  drydocks  and  building  ways  that  may  be  employed. 

2 . 1 . 2 . 4 X-Stern 

The  X-stern  is  another  arrangement  of  the 
control  surfaces  in  the  stern  of  a submarine.  The  X-stern  of  the 
Albacore  (AG  596)  has  been  tested  and  results  are  available  in 
formal  DTMB  classified  reports. 

The  X-Stern: 

a)  Solves  the  problem  of  getting  adequate 
rudder  effectiveness  without  exceeding  hull  block  dimensions. 

b)  Adds  some  complexity  to  the  controls. 

c)  Provides  even  more  diving  plane  effec- 
tiveness than  the  cruciform  stern  than  is  desirable  at  high  speeds. 
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The  final  rudder  configuration  includes  a small  change  of  rudder 
root  chord  to  ensure  the  stock  location  is  set  at  an  even  measure- 
ment (i.e.  to  the  nearest  1/8"). 

The  program  docume illation  in  the  report  titled 
"Control  Surfaces  Calculations  & Programs"  found  in  file  Code  6136 
is  complete.  Sections  of  that  report  are  reproduced  in  Appendix  G 
of  Part  II  (NAVSEC  Report  6136-74-272). 

For  a complete  description  of  the  aerodynamic  method 
used  in  developing  this  program  refer  to  NAVSEC  Report  6136-74-272 
titled  "Development  of  a Technical  Practice  for  Rudders  and  Diving 
Planes,  Part  II."  This  report  also  contains  a detailed  hand  cal- 
culation procedure  as  used  in  this  program.  As  discussed  in  the 
above  report,  this  program  does  not  provide  the  proper  balance  ratio 
for  surface  ship  rudders  or  fairwater  planes.  At  the  present  time 
this  correction  must  be  performed  by  hand  with  the  aid  of  the 
computer . 

2.2.2  Comp u ter  P rog ra m D o c urn  e n t a ti  on  for  Stern  Plane  Design 
This  program  performs  torque  calculations  for  stern 
planes  with  stabilizers  and  permits  the  use  of  an  iterative  pro- 
cedure to  determine  optimum  stock  location  and  balance.  The  out- 
put is  the  geometric  location  of  the  balanced  stock;  at  the 
corresponding  torque  results  for  intermediate  calculations  are 
given.  The  program  documentation  in  the  report  titled  "Control 
Surfaces  Calculations  and  Programs"  found  in  file  Code  6136  is 
complete.  Sections  of  that  report  are  reproduced  in  Appendix  H 
of  Part  II  (NAVSEC  Report  6 1 3b-  74  -272  ) . 

Tor  a complete  description  of  the  somi -empi r i cal 
method  used  in  developing  this  program  and  a complete  example 
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hand  calculation,  refer  to  NAVSL'C  Report  61  36-74-272,  titled 
"Development  of  a Technical  Practice  for  Rudders  and  Diving  Planes, 
Part  II".  This  program  does  not  properly  balance  the  negative 
and  positive  torque  curves  so  this  must  be  corrected  by  a hand 
calculation,  with  the  aid  of  the  computer. 

2.3  Stress  Analysis  of  Surface  Ship  Rudders 

A rough  stress  analysis  is  made  during  preliminary  design 
and  the  shipbuilder  is  usually  required  to  make  one  to  determine 
actual  scantlings.  Stresses  are  limited  so  as  to  provide  a minimum 
factor  of  safety  of  2.0  on  yield  point  for  spade  rudders,  where 
loads  are  calculated  using  aerodynamic  or  hydrodynamic  data  and 
a factor  of  safety  of  2.5  on  yield  point  for  horn  rudders,  where 
loads  are  calculated  using  DTflB  Report  915. 

2.3.1  Spade  R u dder 

Tiie  following  steps  outline  the  procedure  for 
the  stress  analysis  of  a spade  rudder.  A rudder  and  stock  stress 
diagram  for  the  DD931  Class  found  in  Code  6136,  meets  the  speci- 
fications set  by  the  Navy. 

Steps  j n Spade  Rud d or  Stress  Analysi  s^ 

(1)  Determine  forces  acting  on  the  rudder: 

a)  Hydrodynamic  force  - See  Section  2.2.1  of 
this  report  for  the  calculation  of  the  total  resultant  force  and 
center  of  pressure.  This  method  supersedes  the  rudder  torque 
calculation  shown  on  the  stress  diagram  for  the  DD931  class. 

b)  Sea  Slap  - The  practice  is  to  assume  a 
maximum  static  load  of  1000  pounds  per  square  foot.  Over  the 
rudder  span  a triangular  load  is  assumed  with  the  maximum  load 


at  the  root  chord.  Over  the  rudder  chord  a uniform  distribution 
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is  used.  Using  this  loading  the  structure  may  be  stressed  up  to 
the  yield  point. 

c)  Hydrostatic  force  - This  pressure  in  head 
of  water  is  simply  equal  to  the  depth  of  water  of  the  point  on 
the  rudder  for  which  the  pressure  is  calculated. 

d)  For  rudder  plate  panel  design  all  three 

forces  (a),  (b)  and  (c)  are  considered,  but  in  calculating  the 

bending  stress,  only  (a)  is  considered. 

(2)  Determine  the  reactions  for  the  two  bearing 
supports 

Fu  = Reaction  at  upper  bearing 
F. 


. - Reaction  at  lower  bearing 

Z = Distance  of  center  of  pressure  from 
the  root  chord. 

Lj  ■ Distance  between  bearings 


Distance  from  lower  bearing  to  root  chord 


Fr  - Resultant  force  at  center  of  pressure 


Equations  for  Bearing  Reactions 
Fu 


1 


Fr  + FU 


Solve  the  two  equations  for  the  two  unknowns  Fu 


and  F, 


(3)  Develop  the  spanwise  load  curve  over  the  span 
of  the  rudder  and  the  chordwise  load  curve  over  the  chord  of  the 
rudder.  The  load  distribution  is  trapezoidal  in  form  and  is  derived 
so  the  centroid  of  the  trapezoid  coincides  with  the  spanwise 
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or  chore! » i se  center  of  pressure.  Note  that  if  the  rudder  is  not 
located  completely  within  the  propeller  race,  two  separate  chord wise 
and  spanwise  center  of  pressures  must  be  calculated.  The  basic 
procedure  described  below  remains  the  same. 


A 

P rope ller  Race 


SKETCH  OF  RUDDER  PARTIALLY  IN  A PROPELLER  RACE 


Calculation  of  load  distribution  over  chord, 
a = load  at  aft  end  of  chord 
b ■ load  at  forward  end  of  chord 
x = distance  of  center  of  pressure  from. forward 
edge  of  chord 
L * chord 

Fp a Load  per  foot  of  chord 
L 

Force®  Area  of  trapezoid 

Fd=  a + b 
L 2 


a + b=  ( 2 ) F 


/ • \ 


Equation  for  Centroid  of  trapezoid 

x = ( 2 a + b ) 

3 ta  + b ) 

2a  + b = (x)  (3)  (a  + b)  (2) 

L 

Solve  equation  (1)  and  (2)  for  the  unknowns 
a and  b.  Follow  the  same  procedure  for  calculating  the  spanwise 
load  distribution. 


(4)  In  teg  rate  the 
I chord  of  the  rudder  to  obtain  the 

V * / wdx 

V = Shear  force 
w * Load/F t . 

X = Distance  along 

/ C ^ I f U A 


load  curves  over  the  span  and 
shear  curves. 


span  or  chord 


momen  t curves. 


M = /Vdx 

M = Bending  Moment 

(6)  Integrate  the  bending  moment  curves  twice  to 
obtain  the  deflection  curves. 


y « / y i dx 

y*  = Angular  deflection 
y * Vertical  deflection 

(7)  Determine  the  spanwise  and  chordwise  moment 

of  inertia. 
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(8)  Calculate  the  stress  in  various  sections 


along  the  span  and  chord. 

(9)  The  stress  in  the  rudder  key,  tiller  key 
and  rudder  hub  will  be  calculated  separately. 

(10)  Determine  the  thickness  for  the  rudder  hub 

and  yoke.  DTMB  Report  1592  gives  values  for  K which  equals 

experimental  stress  for  a socketed  connection.  This  report  may 
theoretical  stress 

be  used  to  determine  the  stress  for  the  hub  and  yoke  casting. 

See  Appendix  B for  the  report  titled  "Experimental  Stress  Analysis 
of  a Socketed  Connection  in  Bending."  Page  15  of  this  report  presents 
graph  of  K versus  stock  penetration. 

(11)  Determine  the  stress  in  the  rudder  stock 
using  the  equations  below. 

£ = distance  from  the  center  of  pressure 

to  the  stock  centerline 


Mt*  torsional  moment 
“ FR  x ^ 

d ■ shaft  diameter 


Maximum  Normal  Stress 

<sa>„x.-  -14 

TT  d ^ 


Maximum  Shear  Stress 

(S.)  - 16  v**  + M : 

' s'max.  1 

it  d ^ 


Note  that  the  yield  stress  divided  by  the  factor  of  safety  may 
be  substituted  above  and  the  diameter  solved  for  directly. 


r — — — — — — =1 

An  example  calculation  for  stress  analysis  of  spade  rudders 
can  be  found  in  Code  6136  file. 

This  was  performed  for  the  00931  Class.  Note  that  the  stress  calcu- 
lations should  be  tabulated  in  the  same  manner  as  done  for  the  DD931. 

2.3.2  Horn  Rudder 

— 

The  following  steps  outline  the  procedure  for  the  stress 
analysis  of  a horn  rudder.  A horn  rudder  and  stock  stress  diagram 
for  the  BB  61  that  meets  the  specifications  set  by  the  Navy  may 
, be  found  in  Code  6136  files. 

Steps  in  Horn  Rudder  Stress  Analysis 

(1)  Determine  forces  acting  on  the  rudder 

a)  Hydrodynamic  force  - See  NAVSEC  Report  6136-74-272, 
titled  "Development  of  a Technical  Practice  for  Rudders  and  Diving  Plan! 
Part  II"  for  the  calculation  method  for  total  resultant  force  and 
center  of  pressure.  The  method  provides  an  analytical  approach 
instead  of  relying  on  model  test  data  as  shown  on  the  stress  diagram 
for  the  BB-61  class.  Note  that  in  this  calculation  procedure  for  the 
hydrodynamic  force,  the  force  normal  to  the  chord  of  the  rudder  is 
calculated  and  this  is  assumed  to  be  equal  to  the  resultant  force. 

b)  Sea  Slap  - Follow  the  same  practice  as  used 
for  spade  rudders  (See  Section  2.3.1). 

c)  Hydrostatic  force  - Follow  the  same  practice  as 
used  for  spade  rudders  (See  Section  2.3.1). 

I d)  For  rudder  plate  panel  design  all  three  forces  (a), 

(b)  and  (c)  are  considered,  but  in  calculating  the  bending  stress. 
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and  rudder  torque,  only  (a)  is  considered. 

(2)  Determine  the  pressure  distribution  on  each  bearing  and 
the  resultant  force  acting  on  the  bearing.  See  the  "Bearing  Pressure 
Diagram"  on  the  stress  diagram  for  the  BB  61.  The  following  steps 
are  followed  in  determining  the  pressure  distribution. 

a)  Establish  a baseline  for  pressures  due  to 
direct  load  and  to  eccentricity. 

b)  Find  the  center  of  gravity  of  the  projected 

bea  ring  areas. 

c)  Determine  the  eccentricity  which  is  the  distance 
from  the  eccentric  load  (resultant  force)  to  the  center  of  gravity 
of  the  projected  bearing  areas. 

d)  Find  the  resultant  bearing  pressure  by  esta- 
blishing unknown  pressure  f due  to  eccentricity  is  established  at 
the  top  to  the  upper  bearing.  The  bearing  pressure  is  assumed 

to  vary  linearly  so  a line  may  be  drawn  through  the  center  of 
gravity  to  indicate  in  terms  of  f,  the  resultant  pressures  due 
to  eccentricity  for  the  other  bearings.  A moment  equation  about 
the  center  of  gravity  is  written  to  solve  for  f. 

e)  Divide  the  eccentric  load  by  the  total  bearing 
area  to  obtain  the  pressure  due  to  direct  load. 

f)  Establish  a baseline  for  resultant  pressures 
P/A  from  the  baseline  for  direct  load. 

g)  Summary  of  pressure  due  to  eccentricity  and 

direct  load. 
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h)  Calculate  the  magnitude  and  location  of 
the  resultant  force  on  each  bearing.  The  pressure  distribution 
for  each  bearing  is  trapezoidal  in  form  so  the  magnitude  and 
location  of  the  resultant  force  on  each  bearing  can  be 
calculated  using  equations  for  the  area  and  center  of  gravity 
of  a trapezoid. 

(3)  Construct  a load  distribution  along  the  rudder 
stock  using  the  forces  determined  in  step  2 - h. 

(U)  Integrate  the  load  curve  over  the  rudder  stock 
to  obtain  a shear  curve.  See  step  (k)  of  spade  rudder  calcu- 
lation for  the  equation  for  shear. 

(5)  Integrate  the  shear  curves  to  obtain  bending 
moment  curves.  See  step  (5)  for  the  spade  rudder. 

(6)  Determine  the  moment  of  inertia  over  the  rudder 
stock  for  various  sections  along  the  stock. 

(7)  Calculate  the  stress  for  the  sections  used  in 
step  (6).  See  step  (11)  for  the  spade  rudder. 

(8)  Determine  the  stress  for  sections  along  the  span 
and  chord  of  the  rudder  by  following  steps  (3)  through  (8) 

for  the  spade  rudder. 

Steps  in  Skeg  Stress  Analysis: 

(1)  The  hydrodynamic  force  acting  on  the  skeg  is 
calculated  by  assuming  the  skeg  is  a spade  rudder.  A calculation 
is  performed  for  the  normal  force  on  the  skeg  alone  and  this  is 
added  to  the  normal  force  of  the  rudder  at  the  lower  bearing  to 
obtain  the  total  force  on  the  skeg. 


(2)  The  bending,  torsion  and  combined  stress  is  calculated 


for  a section  taken  at  the  root  chord.  See  the  calculation  for 
section  "A-A"  on  the  rudder  stress  diagram  for  the  BB-61. 

(3)  The  stresses  in  step  2 are  also  calculated  for  the  skeg 
just  above  the  gudgeon.  See  the  calculation  for  section  "B-B"  on 
rudder  stress  diagram  for  the  BB-61. 

(k)  The  stress  calculation  for  a non-tapered  rudder  gudgeon 
is  calculated  using  NAVSEC  envelope  010809  titled  “Method  of  Calcu- 
lating Stress  in  a Gudgeon."  Refer  to  the  stress  curve  on  page 
17  of  the  above  report  to  obtain  the  stress  per  square  unit.  This 
report  is  reproduced  in  Appendix  C.  The  total  load  per  inch  of 
length  of  the  gudgeon  is  calculated.  A ratio  of  this  load  to  the 
load  per  inch  calculated  with  the  chart  is  used  to  correct  the  stress. 

The  stress  calculation  for  a tapered  gudgeon  can  be  per- 
formed using  DTMB  Report  1592.  This  report  is  reproduced  in  Ap- 
pendix B.  The  calculation  procedure  followed  is  the  sqme  as  that 
for  the  spade  rudder  (see  section  2.3.1  step  10). 

2 . Optimization  of  Surface  Ship  Rudder  Weight  and  Cost 

This  procedure  establishes  the  minimum  weight  and  minimum 
cost  for  rudders.  In  this  process  the  stress  is  assumed  to  be  ade- 
quate. 

The  cost  of  the  rudder  is  determined  by  the  cost  of  mater- 
ial, iron  worker  (including  installation,  testing  and  painting)  and 
welding.  The  cost  of  the  material  and  iron  worker  can  be  measured 
by  the  weight  of  the  material  and  the  cost  of  the  welder  is  judged 
by  the  linear  foot  of  welding.  The  following  pages  describe  the 
calculation  procedure  for  minimum  rudder  thickness  using  equations 
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for  minimum  weight  and  minimum  cost.  Using  these  values  for  minimum 
thickness,  the  weight  and  cost  of  the  rudder  may  be  determined.  Ap- 
pendix A provides  the  derivation  of  the  equations  for  minimum  thick- 
ness based  on  minimum  cost  and  weight  and  a detailed  example  calcu- 
lation using  the  procedure  outlined  in  this  section. 


Calculation  of  Rudder  Plate  Thickness  for  Minimum  Weight 

W = Wt.  of  Rudder,  Lbs. 

2 

A = Rudder  area  = Ft. 

t ■ Min.  Rudder  Plate  Thickness  or  Adjusted  Thickness,  inches 
t'“  Stiffeners  and  Flat  Bars  Thickness,  inches 
b = Rudder  Span  = Ft. 

c = Mean  Chord  = Ft. 

D = Average  Rudder  Thickness  = 0.68  A x Mean  Thickness  = ft, 
m = Stiffener  Panel  Constant  = 50  (For  the  Example 
in  Appendix  A ) 

Mean  Thickness  = Maximum  Thickness  at  Mean  Chord  c.,  Ft. 
aj=bxcxD= 
a £ *=  A * 12  = 

a ^ - (b  + c)  ? ^8  = 

) 

t » a | x t ' i 

m ( a 2 + aj  x t1) 


I 


i . 2 Calculation  of  Minimum  Thickness 

To  determine  minimum  thickness  based  on  cost 
the  equation  below  must  be  iterated  using  an  assumed  thickness 
t until  the  result  equals  zero.  It  will  be  useful  to  plot 
the  result  of  each  iteration  versus  t to  speed  convergence 
to  the  value  of  zero.  Since  the  equation  is  a cubical  equa- 
tion, at  least  three  points  should  be  plotted.  Note  that 
one  of  these  points  should  have  an  opposite  sign  compared 
with  the  other  points. 
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81.7  (A)  = 


20.  h2  (b  + c)  = 


a 1 


( 980  ) 

m 

KPw  . 6 
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(or  an  actual  number  derived  from 
cost  study) 


N (a,)  ( 576)  _ 

m2 
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Calculation  of  Rudder  Weight 


A ? 6 = t 6 “ 

( b + c ) f 2 4 ■ 2 x a j * 2x  = 

2bcD  f m = 2a|  * m - 2x  ? = 

(b+c)  xDr  12= 

b x c f m = = 

( a 1 3 + aH)  = 

490  [7a,  0 + an  t')t  + a, 2 (_tV_)  ♦ (a, 3 


Calculation  of  Rudder  Cost 
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CURRENT  STATE  OF  THE  ART  FOR  CONTROL  SURFACE  DESIGN 


3 . 1 Introduction 

In  describing  the  current  state  of  the  art  for  control 
surface  design,  emphasis  will  be  placed  on  those  aspects  of  design 
which  contribute  directly  to  the  NAVSEC  design  procedure.  Generally 
when  the  control  surface  design  is  conducted,  the  hull  shape,  ship 
powering  and  speed  have  already  been  determined.  Therefore,  the 
control  surface  design  problem  is  a problem  of  selecting  a control 
surface  which  will  enable  the  ship  to  satisfy  all  of  its  maneuver- 
ability requirements  as  outlined  in  a directive  from  Project  Manager 
Ships  (PMS).  To  test  a ship  to  see  if  its  requirements  are  met 
necessitates  some  criteria  which  can  quantitatively  measure  ship 
maneuverability.  Using  this  criteria,  predictions  must  be  made 
for  control  surface  characteristics  which  will  satisfy  the  ship 
requ i remen  ts  . 

This  section  on  the  state  of  the  art  is  directed  to  the 
most  up-to-date  maneuvering  criteria  for  surface  ships  and  sub- 
marines and  the  available  techniques  used  to  predict  the  ship 
motions  resulting  from  a given  control  surface  configuration. 
Prediction  techniques  from  commercial  practice  as  well  as  NAVSEC's 
practice  are  discussed  here. 

3 . 2 Handling  Quality  Criteria  for  Surface  Ships 

3.2.1  Standard  Maneuvers 

There  are  three  maneuvers  now  in  common  use  by  the 
U.S.  Navy  as  well  as  in  commercial  practice  and  are  referred  to  as 
the  Standard  Maneuvers.  The  Standard  Maneuvers  is  a set  of  trials 
consisting  of  a turning  circle,  a zig-zag  and  a spiral  maneuver. 


The  I TTC  maneuverability  committee  has  made  up  a standard  procedure 
for  these  tests  and  published  it  in  its  12th  ITTC  meeting  (1*0*. 
Since  these  tests  are  in  common  use  their  procedure  will  not  be 
explained  here. 

3.2.2  New  Definitive  Maneuvers 

New  maneuvers  have  been  established  over  the  last 
few  years  to  deal  in  particular  with  unstable  ships  and  to  provide 
a more  thorough  definition  of  ship  control  for  all  ships. 

One  new  method  introduced  by  Bech  in  1966  is  the 
reversed  spiral  test  which  has  now  received  wide  support  ( 1 *♦ ) . 

Like  the  spiral  test  this  is  a way  of  examining  a ships  course  keep 
ing  ability.  In  this  test  the  rudder  angle  6 which  will  give  a 
specified  turning  rate  r is  measured.  This  is  just  the  opposite 
of  the  usual  spiral  test  where  the  turning  rate  is  measured  as  a 
function  of  specified  rudder  angles.  Advantages  of  the  reversed 
spiral  test  are  that  it  produces  an  r-6  relationship  for  the  com- 
plete range  of  rudder  angles  while  the  curve  from  the  spiral  test 
forms  a hysteresis  loop.  This  method  works  particularly  well  for 
directionally  unstable  ships.  The  reversed  spiral  test  also  has 
the  advantage  that  the  test  takes  less  time  and  sea  room  than  the 
spiral  test. 

Another  new  test  suggested  by  Thieme  and  Motora  is 
the  modified  zig-zag  test  where  instead  of  running  the  tests  at 
equal  rudder  angles  and  switching  heading  angles  10°-10°,  15°-15°, 

etc.,  the  switching  angle  is  made  less  than  the  rudder  angle  (1). 
This  avoids  the  problem  encountered  with  unstable  ships  at  small 
rudder  angles  where  the  results  tend  to  diverge. 


*Number  in  parenthesis  refers  to  reference  listed  in  Section  3.5. 


Two  other  maneuvers  called  the  pull  out  and  weave 
maneuvers  more  accurately  define  the  Dieudonne  spiral  loop.  The 
pull  out  maneuver  is  a test  where  the  ship  is  first  kept  turning 
at  a specified  rudder  angle  and  then  the  rudder  is  set  to  zero  and 
the  successive  heading  angle  is  recorded  until  the  ship's  motion 
becomes  steady.  The  steady  turning  rate  obtained  will  be  equal 
to  the  height  of  the  hysteresis  loop  of  the  r-  6 curve.  The  weave 
maneuver  is  basically  a modified  zig-zag  maneuver  conducted  with  a 
variety  of  rudder  angles  and  yaw  angles  of  small  magnitude.  By 
trial  and  error  the  lower  limiting  value  of  the  rudder  execute 
angle  as  a function  of  yaw  angle  can  be  determined.  Extrapolation 

S 

of  these  values  to  zero  gives  the  width  of  the  Dieudonne  spiral 
loop. 

One  important  aspect  of  ship  maneuverab i 1 i ty , which 
is  not  directly  measured  by  any  of  the  tests  mentioned,  is  the 
ability  of  a ship  to  run  alongside  in  close  proximity  to  another 
ship.  Newton  performed  some  tests  which  indicated  that  the  most 
important  factors  governing  the  ability  of  a ship  to  pass  closely 
to  another  is  the  speed  of  the  ships  and  the  magnitude  of  the 
transverse  distance  between  them,  assuming  that  both  ships  are 
directionally  stable.  In  view  of  this  study  it  is  not  important 
to  establish  a special  criteria  for  this  situation  but  the  designer 
should  make  sure  the  ships  are  directionally  stable  according  to  the 
criteria  outlined  above. 
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3.3  Prediction  of  Ship  Maneuverability  for  Surface  Shi 

It  is  desirable  to  predict  for  surface  ships  and  sub- 
marines the  handling  characteristics  before  the  ship  is  built. 

All  of  the  methods  described  attempt  to  predict  ship  maneuverability 
in  terms  of  the  standard  maneuvers. 

3.3.1  Use  of  Statistical  Data 

It  is  still  part  of  the  present  NAVSEC  design  pro- 
cedure to  rely  on  statistical  data  based  on  parent  ships.  This  gives 
an  approximation  for  the  required  rudder  size  to  provide  adequate 
directional  stability  and  the  required  turning  radius.  For  a 
first  rough  cut  of  determining  rudder  size,  the  report  "Design  of 
Ship  Rudders"  by  H.  Thieme  (12)  could  be  used.  In  this  reference 
Thieme  provides  a graph  for  minimum  rudder  sizes  for  directional 
stability  and  for  rudder  size  and  turning  ability  at  a 35  degree 
rudder  angle.  The  accuracy  of  this  data  is  based  on  a small  number 
of  ship  parameters  and  over  a limited  range  of  ship  characteristics. 
Another  problem  is  that  this  method  does  not  provide  an  accurate 
prediction  of  the  ship  meeting  the  handling  criteria  requirements. 

As  a quick  estimating  tool  this  method  is  still  useful,  but  the 
following  methods  for  the  prediction  of  ship  maneuverability  hold 
greater  promise  for  accuracy  and  versatility. 

3.3.2  Free  Running  Model  Tests 


Free  running  model  tests  offer  the  most  direct 
method  of  predicting  ship  motions,  however,  there  are  drawbacks 
to  this  method  of  prediction.  The  biggest  problem  is  that  the 


scaling  laws  cannot  be  completely  satisfied.  Because  of  the  fric- 
tion correction  due  to  Reynolds  number  scale  effect,  the  loading 
of  the  model  propeller  is  larger  than  that  of  a full  scale  pro- 
peller. The  model  slip  stream  is  increased  and  this  increases  the 
effectiveness  of  the  rudder.  This  could  account  for  the  fact  that 
at  low  rudder  angles  model  ships  tend  to  have  greater  directional 
stability  than  the  full  size  ship.  Another  problem  is  that  the 
difference  in  Reynolds  number  between  the  model  and  ship  must  be 
considered  since  the  thickness  of  the  boundary  layer  which  varies 
with  Reynolds  number  determines  the  point  of  flow  separation  on  the 


ends  of  the  data  curves.  The  greatest  accuracy  occurs  if  the  ship 
in  question  falls  in  the  region  of  greatest  data  concentration. 
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Eda  performed  a study  for  the  Coast  Guard  which  was 
similar  to  that  of  NSRDC  in  that  he  used  a large  amount  of  data 
from  previous  free-running  model  tests  to  establish  equations  for 
ship  trajectories  { *♦ ) . His  method  permits  a greater  range  of  para- 
meters to  be  varied  and  gives  good  correlation  with  model  tests  as 
indicated  by  sample  test  runs  in  his  report. 

3.3.**  Sem  i - Emp  i r i ca  1 Method 

In  commercial  practice  a sem i -emp i r i ca 1 approach 
utilizing  both  the  non-linear  equations  of  motion  and  tank  test 
results,  provides  the  most  accurate  means  of  predicting  ship 
maneuvering.  The  biggest  problem  with  this  method  is  predicting 
the  dynamic  derivative  of  force  and  moment  for  the  higher  order 
non-linear  equations.  Captive  model  tests  may  be  used  to  determine 
these  coefficients.  In  this  test  the  model  is  forced  to  perform 
definite  motions,  and  dynamometers  are  used  to  measure  the  cor- 
responding hydrodynamic  force  responses.  The  derivatives  of  these 
responses  yield  the  coefficients  of  the  motion  parameters.  The  most 
commonly  used  test  mechanisms  are  the  rotating  arm  and  the  Planar 
Motion  Mechanism  (PMM). 

The  rotating  arm  is  well  suited  for  the  generation 
of  yaw  velocity  and  the  combination  of  drift  angle  and  yaw  velocity. 
Due  to  the  limited  radius  of  the  rotating  arm  it  is  difficult  to 
measure  the  linear  coefficients  so  these  are  commonly  measured  by 
drift  angle  (oblique  flow)  tests  in  a conventional  towing  tank. 
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Acceleration  derivatives  cannot  be  obtained  with 


the  rotating  arm.  The  PMM  technique  is  more  versatile  than  the 
rotating  arm  in  that  it  enables  all  of  the  coefficients  to  be 
measured  but  in  practice  it  may  be  difficult  to  measure  the  non- 
linear coefficients  in  the  derivative  of  the  yaw  velocity  accurately. 
Large  yaw  velocity  may  be  obtained  only  at  high  frequency  of  os- 
cillation which  may  cause  frequency  problems.  These  problems 
arise  from  the  fact  that  some  of  the  acceleration  and  sway  damping 
derivatives  are  frequency  dependent.  The  new  high  amplitude  HyA-PMM 
recently  constructed  in  the  Hyd ro-09- Labora tor i um  in  Denmark  may 
solve  this  problem. 

Once  the  hydrodynamic  derivatives  are  obtained 
from  tank  tests,  the  digital  computer  is  used  to  solve  the  non-linear 
equations  of  motion.  Strom-Tejsen  has  produced  a computer  program 
for  surface  ships  which  accurately  predicts  the  Standard  Maneuvers  (8 
The  basic  input  data  for  the  program  consists  of:  1.  principal 

ship  data,  2.  effective  horsepower  data  and  open  water  propeller 
characteristics  and  3.  nond i men s i ona  1 coefficients  from  PMM  or 
rotating  arm  tests.  From  the  limited  results  studied,  this  program 
appears  to  give  very  accurate  results  for  the  prediction  of  turning 
circle  parameters,  turning  circles,  zig-zag  maneuvers  and  spiral 
maneuvers.  More  recent  programs  include  subroutines  for  the 
effect  of  wind  and  bow  thrusters. 

The  main  advantages  of  the  sem i -emp i r i ca  1 method  is 
that  scaling  laws  to  correct  for  Reynolds  number,  propeller  RPM  and 
ship  speed  can  be  taken  into  account.  This  provides  more  accuracy 
and  once  the  coefficients  are  obtained,  individual  parameters  such 
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as  rudder  rate  can  be  measured.  Simulations  can  be  performed  for 
auto-pilot  design  or  for  training  purposes.  Many  more  operating 
conditions  can  be  studied  than  would  be  practical  for  free  - 
running  mode  1 s . 

3.3*5  Ana  1 y t i ca 1 Method 

In  commercial  practice  tank  testing  techniques  have  been 
developed  to  the  point  where  they  now  yield  accurate  results  but 
are  costly  and  time  consuming.  In  an  effort  to  reduce  this  cost 
many  researchers  have  been  trying  different  approaches  to  obtain 
a completely  analytical  method  for  determining  the  derivatives  for 
the  equation  of  motion. 

Jacobs  has  developed  equations  based  on  simplified  poten- 
tial flow  theory  and  low  aspect  ratio  wing  theory  with  empirical 
modifications  for  a real  viscous  fluid  to  determine  first  order 
hydrodynamic  force  and  moment  derivatives  (16),  (17).  In  this 

approach  the  bound  vortex  and  direction  of  the  free  vortex  sheet 
are  properly  assumed  to  give  reasonable  results.  However,  since 
the  hydrodynamic  relation  between  the  vortex  distribution  and  the 
ships  form  has  not  been  clarified,  the  modifications  made  for 
viscosity  are  in  need  of  verification. 

Inoue  (22)  and  Fedyaevsky  (23)  have  derived  sem i -emp i r i ca  1 
formulas  for  the  hydrodynamic  force  and  moment  velocity  derivatives 
by  introducing  coefficients  which  are  chosen  to  fit  each  ship's  form. 

Acceleration  derivatives  can  be  obtained  with  the  use  of 
Lewis  form  sections  and  the  strip  method.  Agreement  is  good  for  the 
force  derivatives  but  only  fair  for  the  moment  derivatives  according 
to  graphs  in  reference  (1). 
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By  the  combination  of  the  above  theories,  fairly  accurate 
linear  coefficients  may  be  determined.  Although  theoretical  velo- 
city derivatives  contain  a non-linear  term  due  to  cross-flow,  the 
theory  has  not  been  developed  to  the  point  to  be  able  to  give 
higher  order  derivatives  containing  non-linear  parts  (1).  For 
immediate  application  these  theories  would  have  to  be  supplemented 
by  tank  tests. 

3 . 4 Handling  Quality  Criteria  for  Submarines 

Unlike  surface  ships  there  is  no  fixed  criteria  for  defin- 
ing the  maneuverability  characteristics  of  a submarine  (29). 

Standard  maneuvers  exist  but  preliminary  specifications  specify 
only  in  general  terms,  levels  of  performance  required  for  sub- 
marine directional  control.  Although  few  definite  requirements 
are  established,  the  designer  is  interested  in  predicting  the  motion 
of  the  submarine  before  the  ship  construction  commences,  and  if  in 
his  opinion  performance  is  unsatisfactory,  adjustments  will  be  made 
to  the  size  and  location  of  the  control  surfaces.  The  maneuvers 
which  are  initially  studied  are  the  definitive  maneuvers  which  play 
an  important  role  in  sizing  the  control  surfaces  and  the  emergency 
maneuvers.  The  normal  maneuvers  are  studied  later  in  the  design 
sequence  in  order  to  predict  the  capability  of  the  submarine  to 
perform  specific  operational  or  tactical  maneuvers.  Many  of  these 
operational  maneuvers  are  closed  loop,  that  is,  involve  the  action 
of  a helmsman  or  autopilot.  Listed  below  are  those  maneuvers  of 
interest  to  the  designer  (26): 


1.  Definitive  maneuvers  (open  loop)  to  evaluate  inherent  handling 


I 
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q ua  1 i ties 

a.  Meanders  (vertical  plane) 

b.  Vertical  overshoots 

c.  Horizontal  steady  turns 

d.  Horizontal  overshoots 

e.  Horizontal  spirals 

f.  Acceleration  and  deceleration  in  straightline  motion 

2.  Normal  maneuvers  (operational  or  tactical) 

a.  Depthkeeping  and  coursekeeping  at  various  speeds  in- 
cluding hovering,  using  manual  or  automatic  control 

1.  Near-surface  under  various  sea  states 

2.  Near-bottom  including  large-scale  bottom 
i rregulari  ties 

b.  Transient  horizontal  turns  using  manual,  semi-automatic, 
or  automatic  control 

c.  Mission  profiles  of  various  types  including  target 

tracking,  weapons  delivery,  and  a variety  of  evasive 
maneuvers 

d.  Limit  dives  using  manual,  semi-automatic,  or  automa- 
t i c con  t ro  1 . 

3.  Emergency  Maneuvers 

a.  Recovery  from  sternplane  jam  casualties  using  various 
combinations  of  recovery  measures 

b.  Recovery  from  flooding  casualties  using  various  com- 
binations of  recovery  measures 

c.  Buoyant  ascents  to  develop  safe  procedures  for  exer- 
cising emergency  ballast  blow  systems 

3 . 5 Prediction  of  Submarine  Maneuverability 

It  is  desirable  for  the  designer  to  predict  how  the  sub- 
marine will  perform  the  maneuvers  listed  above  as  early  as  possible  in 
the  design  sequence.  The  designer  will  make  use  of  analytic  estimating 
methods,  captive  model  testing  and  free  running  model  testing  to  aid 
in  the  prediction  of  submarine  maneuvers.  The  advantages  and  limita- 
tions of  each  of  the  three  prediction  methods  are  described  below. 
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3.5.1  Analytical  Technique 

In  recent  years  greater  use  has  been  made  of  an 
analytic  approach  to  the  prediction  of  submarine  maneuvers.  Now 
it  is  possible  to  estimate  all  of  the  coefficients  required  for 
the  Standard  Equations  of  motion.  One  computer  program  called 
DERIVS  can  estimate  the  linear  hydrodynamic  stability  and  control 
derivatives.  The  program  is  based  on  various  hydodynamic  theories 
such  as  potential  flow,  slender  body,  lifting  line  and  boundary 
layer  theory  as  well  as  experimental  data  from  Planar  Motion 
Mechanism  studies.  A detailed  explanation  of  how  these  various 
techniques  were  incorporated  in  the  program  has  not  yet  been 
documented.  The  program  DERIVS  is  applicable  to  submarine  hulls 
which  are  streamlined  bodies  of  revolution  with  parallel  m i dd 1 e bod  i e s . 
The  fineness  ratio  of  the  hull  should  be  greater  than  seven. 

The  appendages  of  the  submarine  may  include:  a deck  similar 
to  that  on  the  Fleet  Ballastic  Missile  submarines,  a fairwater 
forward  of  the  center  of  gravity,  a single  propeller,  a cruciform 
tail  configuration  with  diving  planes,  rudders,  and  vertical  stabili 
zers  and  sailplanes.  The  input  data  for  a given  submarine  configu- 
ration includes  geometric  c ha r a c t e r i s t i c s of  the  hull  and  the 
appendages.  Output  includes  the  non-dimensional  stability  and 
control  derivatives,  mass,  estimated  moments  of  inertia  and  the 
vertical  and  horizontal  plane  indices  for  dynamic  stability. 

This  program  will  provide  the  coefficients  required  for  limited 
maneuvers  and  can  be  used  to  test  initial  submarine  configurations 
for  directional  stability  which  require  only  the  linear  equations 
of  motion. 
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For  more  complex  maneuvers  (particularly  closed  loop), 


non-linear  and  c r o s s - co u p 1 i n g coefficients  are  required  and  these 
are  obtained  from  a second  program.  This  program  determines  cer- 
tain c ros s - coup  1 i ng  coefficients  which  cannot  be  determined  easily 
from  submerged,  straightline  captive  model  experiments  using  the 
P MM  system.  The  program  utilizes  both  semi-empirical  and  theoretical 
equations.  The  input  data  consists  of  ship  geometric  data  and  co- 
efficients for  the  Standard  Equation  which  can  be  determined  with 
the  p rog  ram  DER  I VS  . 

By  combining  these  two  programs  it  is  possible  to 
solve  the  Standard  Equations  and  predict  the  trajectories  for  the 
definitive  maneuvers.  In  order  to  solve  the  equations  of  motion 
for  many  normal  and  emergency  maneuvers,  special  subroutines  are 
required  to  provide  a complete  simulation  of  the  motion  of  the 
submarine.  For  example  one  subroutine  for  sternplane  jams  provides 


a time  history  for  the  control  surface  movements,  propeller  RPM 
change  from  full  ahead  to  back  emergency  and  for  the  weight  of 


ballast  water  discharged  or  taken  on.  Another  subroutine  called 
the  sea-state  analog  provides  a representation  for  the  effects  of 
ahead  random  seas  for  near  surface  operation.  Typical  data  re- 
quired for  these  subroutines  are  coefficients  or  forcing  functions 
for  the  particular  phenomenon  being  simulated.  The  data  is  obtained 
by  special  model  experiments,  by  theory  or  a combination  of  both. 

The  analytic  approach  described  above  is  always 
checked  by  captive  model  testing  to  verify  the  estimated  co- 
efficients. The  Planar  Motion  Mechanism  is  used  to  obtain  these 
coefficients  but  some  crosscoupling  terms  and  those  non-linearities 
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associated  with  high  values  of  non-dimensional  velocity  components, 
such  as  those  associated  with  tight  turns,  can  be  more  accurately 
determined  by  theoretical  methods. 
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3.5.2  Free  Running  Tests 

Free  running  model  tests  are  generally  run  to  test 
the  final  submarine  configuration.  This  enables  the  designer  to 
verify  the  results  obtained  from  the  analytical  study  and  captive 
model  testing.  These  tests  are  particularly  important  for  those 
motions  such  as  snap  roll  which  cannot  be  accurately  determined  with 
these  two  techniques. 

3.5.3  Validity  of  Prediction  Techniques 

When  using  the  Standard  Equations  of  Motion  for  pre- 
diction, it  is  very  important  to  check  the  results  obtained  with 
full  scale  trial  results,  particularly  if  the  coefficients  were 
analytically  derived.  It  is  difficult  to  provide  a full  account 
of  the  correlation  between  computer  predictions  and  full  scale 
trial  results.  Although  a great  deal  of  correlation  work  has  been 
performed,  very  little  of  this  work  has  been  published.  In  May  1970 
some  data  was  published  for  the  SSBN  610  and  617  which  indicated 
that  vertical  plane  maneuver  computer  data  correlated  very  closely 
with  full  scale  results.  For  the  horizontal  plane,  data  was  avail- 
able only  for  the  SSBN  617-  For  this  vessel,  correlations  of  com- 
puter results  with  full  scale  are  only  fair  and  predictions  of  snap 
roll  are  poor.  Fortunately,  correlation  between  full  scale  and 
free-running  model  results  for  turning  diameter  and  snap  roll  are 
quite  good.  Linear  theory  is  weak  for  these  maneuvers,  so  free 
running  tests  are  well  justified.  Correlation  work  is  being 
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performed  in  the  area  of  near  surface  depth  keeping,  vertical 
plane  behavior  in  turns,  and  emergency  maneuvers.  Although  the 
work  is  not  complete,  the  general  indications  are  that  computer 
predictions  show  better  depth  keeping  performance  and  that  stern- 
plane  jam  recovery  predictions  yield  greater  depth  and  pitch 
excursions  than  experienced  in  full  scale.  The  c ros s - coup  1 i n g 
effects  which  occur  in  emergency  recovery  operations  are  not 
completely  understandable  or  predictable. 

Discussions  with  some  of  the  designers  at  NAVSEC 
have  indicated  that  with  some  of  the  more  recent  projects  such 
as  the  SSN  688  and  the  Trident,  the  analytical  estimation  of 
the  definitive  and  emergency  maneuvers  seem  to  correlate  well 
with  the  model  tests.  The  analysis  included  the  new  cross- 
coupling terms  calculated  in  the  computer  progr*m  described  above. 
Documentation  of  these  correlation  studies  would  be  helpful 
in  determining  whether  the  Standard  Equations  of  Motion  should 
be  extended  to  include  additional  c r os s - cou p 1 i n g terms. 
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The  recommendations  discussed  below  are  based  on  the  study  of 
the  state  of  the  art  and  the  current  NAVSEC  design  procedure  for 
control  surfaces.  Emphasis  has  been  placed  on  the  development  of 
an  analytical  approach  to  control  surface  design  since  this  develop 
ment  could  provide  good  results  at  substantially  lower  cost  when 
compared  with  model  testing. 

This  section  on  recommendations  is  divided  into  three  groups 
as  follows: 

1.  Proposed  future  research  and  development  is  presented 
using  as  a basis,  the  state  of  the  art  as  discussed  in 
section  3 of  this  report. 

2.  Revisions  are  recommended  for  those  specific  design  pro- 
cedures discussed  in  section  2 of  this  report. 

3.  The  technical  practices  manual  is  updated  to  reflect 
the  current  NAVSEC  design  procedure.  The  section  con- 
cerning rudder  torque  calculation  is  not  included  since 
it  may  be  found  in  NAVSEC's  report  titled  "Establishment 
of  Design  Practice  for  Rudders  and  Diving  Planes"  (MR&S 
Report  21499-2)  . 

h . 1 Future  Research  and  Development 
It . 1 . 1 Surface  Ships 

No  change  to  the  surface  ship  handling  criteria  is 
recommended  at  this  time.  The  three  Standard  Maneuvers  provide  an 
adequate  quantitative  measure  of  the  ship's  maneuverability  char- 
acteristics. There  may  be  some  cases  where  special  maneuvers  may 
be  required  to  define  particular  tactical  or  operational  maneuvers 
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of  the  ship.  Most  of  the  analytical  methods  have  been  developed 
to  handle  only  the  Standard  Maneuvers.  In  order  to  measure  a 
special  tactical  requirement,  special  test  procedures  will 
be  necessary  both  in  full  scale  trials  and  model  tests.  As 
the  analytical  and  empirical  methods  of  predicting  ship  maneuver- 
ability improve  in  accuracy,  further  development  of  the  handling 
criteria  would  be  practical. 

The  approximate  NSRDC  computer  program  for  tactical 
diameter  is  very  useful  for  preliminary  design,  and  is  relatively 
inexpensive  compared  with  other  methods  of  prediction.  Where 
sufficient  model  test  data  exists  this  method  should  be  extended 
to  include  spiral  and  zig-zag  maneuvers.  The  current  method  is 
restricted  to  twin  screw  destroyers  so  other  ship  types  should  be 
included.  This  technique  would  be  extremely  valuable  in  quickly 
estimating  a good  rudder  and  skeg  configuration  before  the  ex- 
pensive model  testing  commences. 

It  would  be  desirable  to  limit  the  amount  of  model 
testing  required  for  a new  design  to  reduce  cost.  Ideally  then  a 
complete  analytical  procedure  could  enable  the  designer  to  predict 
the  ship  maneuverability  characteristics  for  the  Standard  Maneuvers 
without  any  tank  testing.  The  first  step  toward  this  goal  would  be 
to  utilize  the  equations  which  now  exist  to  determine  the  linear 


coefficients  for  the  equations  of  motion.  Unfortunately  higher 


order  non-linear  coefficients  cannot  be  obtained  accurately  using 
theory  as  developed  up  to  this  time.  Further  work  should  proceed 
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with  refining  potential  flow,  low  aspect  wing,  slender  body  and 
boundary  layer  theory  to  obtain  suitable  equations  for  these  co- 
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efficients.  In  the  meantime,  a sem i -emp i r 1 ca 1 analytical  method 
could  be  developed  which  utilizes  both  theory  and  experimental 
data.  Past  captive  model  tests  could  provide  data  for  non-linear 
coefficients  and  equations  for  these  coefficients  could  be  developed 
using  a regression  analysis.  Since  the  Navy  has  not  used  captive 
model  experiments  extensively  for  surface  ship  design,  the  use  of 
data  from  tests  of  similar  commercial  ships  may  be  necessary. 

More  extensive  use  should  be  made  of  captive  model 
tests  for  the  reasons  cited  in  section  3 • 3 . ** . In  addition  to  pro- 
viding a more  accurate  analysis  of  the  maneuverability  of  a given 
ship,  the  results  of  these  tests  could  also  be  utilized  in  the 
analytic  method  described  above.  Free  running  model  tests  would 
only  be  preferable  if  a very  limited  study  of  the  ship  was  required. 


Finally,  a complete  correlation  with  full  scale  trial 
results  should  be  undertaken  to  verify  the  accuracy  of  the  method  of 
prediction  employed.  This  is  particularly  important  for  the 
analytical  method  since  it  is  necessary  to  know  the  sensitivity  of 
the  various  coefficients  in  the  equation  of  motion  and  the  adequacy 
of  the  equation  used. 

The  following  task  statements  summarize  the  recom- 
mendations made  above  for  surface  ship  rudder  design: 

1.  Utilize  the  Standard  Maneuvers  as  the 
handling  quality  criteria. 


2.  Develop  further  the  NSRDC  programs  for  the 
prediction  of  the  tactical  diameter  for 
surface  ships  so  it  includes  more  ship  types. 

Where  sufficient  data  exists  from  sea  trials  or 
free  running  model  tests,  the  spiral  and  zig-zag 
maneuvers  could  also  be  included. 

3.  De.velop  further  the  present  hydrodynamic  theories 
in  an  effort  to  predict  the  non-linear  coefficients 
for  the  equations  of  motion. 

. Develop  an  analytic  procedure  for  predicting  all 
of  the  coefficients  for  the  equations  of  motion. 
This  method  should  be  calculated  using  a computer. 

5.  Make  greater  use  of  captive  model  tests  in  lieu 
of  or  in  addition  to  free  running  model  tests. 

6.  Conduct  a continuing  study  to  correlate  full 
scale  trial  results  with  the  results  obtained 
with  the  prediction  method  used. 

^4.1.2  S u bma  r i n e s 

No  handling  criteria  exists  for  submarines  in  the 
current  procedure.  In  the  past  this  was  unavoidable  since  little 
information  existed  for  the  maneuvering  capability  for  modern  sub- 
marine designs.  Now  a substantial  amount  of  test  data  exists  for 
the  most  modern  submarines  and  it  should  be  possible  to  specify 
requirements  for  the  maneu ve r ab i 1 i t y and  control  of  the  submarine. 

The  maneuvers  that  are  recommended  for  use  as  a criteria  are  the 
definitive  and  emergency  maneuvers  which  would  apply  to  all  sub- 
as  listed  in  Section  3.^  The  normal  maneuvers  would  have 


marines 


to  be  selected  for  the  particular  submarine  under  study. 

Methods  for  determining  the  coefficients  for  the 
equations  of  motion  should  be  improved  using  potential,  slender 
body  and  boundary  layer  theories.  Particular  emphasis  should  be 
placed  on  those  coefficients  which  must  now  be  estimated  with  the 
use  of  empirical  data.  A completely  analytical  procedure  for  pre- 
dicting submarine  maneuvers  would  be  a powerful  design  tool.  With 
the  present  procedure,  by  the  time  the  final  results  are  obtained 
from  tank  tests,  it  is  too  often  late  to  initiate  major  changes 
to  the  control  surface  configuration.  Even  an  approximate  analytic 

i 

prediction  method  would  be  useful  since  it^would  eliminate  the 
need  for  major  design  changes  in  the  detail  design  stage  of  the 
subma  r i ne . 

Experimental  techniques  should  be  developed  for 
determining  the  cross  coupling  terms  for  the  equations  of  motion 
which  are  now  determined  only  analytically.  This  would  enable  the 
designer  to  directly  check  the  accuracy  of  the  analytic  method 
he  is  now  using  to  calculate  these  terms.  Good  experimental  data 
would  facilitate  corrections  to  the  analytic  method  should  this 
be  required. 

The  theory  and  rational  used  in  developing  the 
current  computer  programs  for  estimating  the  coefficients  should 
be  documented  to  facilitate  additional  research  in  this  area. 

A complete  correlation  study  should  continuously 
be  employed  to  compare  full  scale  trial  results  with  results  obtained 
from  captive  model  tests,  free  running  tests  and  particularly  with 
the  new  analytic  method  of  prediction  available.  One  of  the  biggest 
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questions  facing  the  designer  which  only  a correlation  study  cou  i d 
answer,  is  the  adequacy  of  the  equations  of  motion  used  to  predict 
submarine  maneuvers.  Recently,  new  terms  have  been  added  to  the 
standard  equations  and  results  obtained  for  the  Trident  and  SSN  688 
should  be  correlated  with  the  free  running  model  test  results. 

The  following  task  statements  summarize  the  recom- 
mendations made  above  for  submarine  control  surface  design: 

1.  Utilize  the  normal  and  emergency  maneuvers 
listed  in  Section  3.4.1  as  the  standard  hand- 
ling criteria. 

2.  Develop  further  the  existing  hydrodynamic  theory 
to  more  accurately  estimate  the  coefficients  re- 
quired for  the  equations  of  motion. 

3.  New  experimental  techniques  should  be  developed 
to  determine  derivatives  for  the  equations  of 
motion  which  cannot  be  measured  now  in  the  test 
tank. 

4.  The  current  computer  programs  for  estimation  of 
hydrodynamic  coefficients  should  be  completely 
documented  including  the  rational  used  in  their 
de ve 1 opmen  t . 

5.  A complete  correlation  study  should  be  employed 
to  compare  results  of  prediction  methods  with 
full  scale  results. 

A . 2 Revisions  to  the  Current  NAVSEC  Design  Procedure 

The  following  revisions  are  recommended  to  the  design 
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procedures  discussed  in  Section  2 of  this  report: 

1 . The  computer  programs  for  control  surface 
torque  estimation  should  be  modified  so  that 
any  desired  balance  of  steering  gear  torque 
may  be  obtained. 

2.  Use  the  updated  hydrodynamic  torque  calcula- 
tion as  discussed  in  Section  2.2  of  this  re- 
port in  lieu  of  the  method  shown  on  the  stress 
diagrams  for  the  DD-9J1  (spade  rudder)  and  BB-61 
( horn  rudder  ) . 

3.  Modify  the  equations  for  minimum  cost  of  rudders 
as  indicated  by  Section  2.4  and  Appendix  A of 
this  report. 

4 . 3 Revised  Technical  Practices  Manual 

The  following  pages  contain  the  original  Technical  Prac- 
tices Manual  and  the  changes  made  for  each  page.  For  changes  made 
to  Section  3 of  Part  A and  Sections  3.4,  4.2,  5.1  and  7.1  of  Part  B 
of  the  Manual,  refer  to  NAVSFC  Report  6136-74-272,  titled  "Development 
of  a Technical  Practice  for  Rudders  and  Diving  Planes,  Part  II,  Torque 
Predictions" . 


Hydrodynamic  Design 
Practice: 

Preliminary  Design  of  Ships  Appendages 

A completed  preliminary  ship  desiqn  frequent- 
ly has  an  cppenduge  plan  as  part  of  the  drawings 
describing  the  ship.  The  appendage  design  has  an 
effect  on  the  maneuverability,  speed,  endurance, 
seakind liness,  weight,  and  space  of  the  ship.  These 
important  aspects  must  be  considered  and  when 
possible  predicted  by  the  preliminary  designer.  For 
this  reason  considerable  attention  is  often  given  to 
the  design  of  appendages  as  well  as  to  assist  In  the 
construction  of  models  to  be  tested. 

The  following  appendages  are  included  on  almost 
every  naval  ship.  A brief  description  of  the  de_- 
siqr.er's  practice  for  determining  size,  shape,  and 
location  is  given. 


(oj  Rudders  — Number  of  rudders,  their  stz< 
and  location,  are  determined  on  the  basis  of  previa 
experience  as  well  as  the  particular  requirements 
of  the  design  Itself.  Rudder  section  shape  Is 
defined  by  the  NACA -00  section  offsets  with  ^ 
thickness  to  cord  ratios  dependent  on  stock  siz  e/ 
and  selected  rudder  profile.  Forty  degrees  rudde?"! 
swing  is  considered  maximum.  Reference’ material 
to  assist  the  designer  can  be  found  in  Code  420 
File  2.  100  and  a 1953  SNAME  paper  titled  "Some  i 
Hydrodynamic  Aspects  of  Appendage  Design"  by  ! 
Mr.  Mandel. 

(b)  Bilge  Keels  -Preliminary  appendage 
plans  generally  show  the  bilge  keels  at  the  mid- 
ships section  with  reference  to  their  extent  along 
the  hull.  Final  location  Is  left  for  further  develop- 
ment depending  on  model  tests  and  detailed  struc- 
tural considerations,  Size  is  governed  by  previous 
designs  of  similar  ships  types.  Guides  are  again 
given  by  Mr.  Mandel's  1953  paper. 

(c)  5Wts  and  struts  -It  is  only  necessarv 
to  approximate  shaft  diameter  on  the  preliminarv 
plan.  Inboardjocation  of  the  shaft  can  be  deter- 
mined with  the  assistance  of  the  Marine  Engineer 
(Code  430)  doing  the  preliminary  machinery  ar- 
rangement. However,  shcft  location  at  the  propell- 
er is  dependent  on  the  entire  stern  'rrcngenent. 
Such  aspects  as  propeller  diameter,  tip  clearance,  \ 
and  rudder  location,  all  must  be  considered  by  t!>e 
designer.  Guidance  for  determining  strut  and  shaft: 
sice  is  ur.en  in  section  DC94301  -1  end  2,  cf  the 
"Design  Data  Book  fa  Ships  o7  The  United  States  si 
Navy.  " 

Two  additional  appendages  are  often  re- 
quired by  the  characteristics  of  recent  Bhip  de- 
signs. 

(a)  Sonar  Domes  -The  sizes  of  Sonar 
Transducers  have  grown  in  recent  years  to  such  an  1 
extent  that  considerable  emphasis  is  now  placed  on 
the  integration  of  the  sonar  dome  within  the  hull 
lines.  Two  fundamental  aspegis  ol  sonar  dome  de- 
sign must  be  considered  by  the  designer: 

(1)  The  effect  of  size,  shape,  and  loca-  i 
tion  on  performance  of  the  sonar  transducer. 

{ 2 } The  effect  of  size,  shape,  and  loca-  ] 
tion  on  the  ship's  speed,  endurance,  structure,  and 
anchoring. 

To  assist  the  designer  in  determining  the 
effect  on  sonar  performance  of  his  design  he  should 
call  on  CoJa  683  (Sonar  branch).  To  estimate  the 
effect  on  ship  speed  and  endurance  Code  420  File  j 
1.709  records  the  results  of  model  tests  with 
methods  fer  predicting  dome  resistance.  Future 
ship  trials  will  aid  considerable  In  determining 
qood  sonar  appendage  design  practice. 

• itL  fin  Stabilizer*  - Code  420  F lie  3.  230 
outlines  the  present  method  of  determining  stabi- 
lizer capacity  and  resulting  size  of  Fins.  Again 
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future  ship  trials  will  oH  considerably  in  detrmin- 
Inq  good  in  design  practice. 


Hydrodynamic  Deiign 

Practice: 

Prediction  of  Surface  Ship  Motion;  Status  of 

- The  state  of  the  art  o!  predicting  surface 
ship  motion  rests  upon  the  followlrxj  areas  of  en- 
deavor: 

a.  Assumptions  of  small  non-linearities 
such  that  a linear  mathematical  model  v.ijl  suffice. 

b.  The  nature  of  tire  cross-coupling  between 
the  degrees  of  freedom.  . 

c.  Accuracy  in  obtaining  the  stability  deriv- 
atives used  in  the  dilterential  equations  of  notion 

d.  Characterization  of  the  actual  input. 

Present  day  practices  depend  a lot  on  the 

use  cf  a simple  mathematical  maiel  m which  items 
a and  b ate  then  relegated  toward  future  investiga- 
tion. Non-lineat  solutions  are  quite  dif'icult  'o 
handle  without  special  confuting  ma'-hines  and  a 
propei  analogue  of  tne  actual  physical  situation. 

For  "hall  pair:"  approximations,  'tie  experiences  of 
the  aerodynamic  field  show  that  the  answers  obtain- 
ed from  such  simplifications  are  tenable  witbou* 
getting  Involved  in  complicated  mathematics.  For 
example,  the  investigation  of  turning  can  he  ideal- 
ized as: 


<*;  -Y'''  )r' 
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The  success  in  reiving  the  equations  cl  mo- 
tion, assuming  the  hypa‘ he  sized  my.h^-uatical  n.  ad- 
el  is  reasonable,  lies  in  tip  succpt:  of  ob’aininq 
the  Information  listed  under  items  c and  d. 

The  Taylor  Model  Basin  should  be  able  to 
furnish  experimental  Information  with  the  advent  of 
the  new  facilities  - Rotating  Atm  and  Maneuver- 
ing Basin.  Tl*t  measured  derivatives  are  used  to 
furnish  analogue  computer  studies.  The  results 
can  be  compared  to  similar  class  ships  for  qualita- 
tive evaluation  to  sem"  "datum|'  ship  if  not  for 
quantitative  prediction.  The  latter  is  much  moie 
difficult  because  of  the  obvious  problem  of  predict- 
ing and  delineating  the  input.  The  extension  of  the 
response  to  an  actual  seaway  Is  presently  under- 
going investigation  by  application  of  the  principle 
of  linear  superposition  arid  advanced  concepts  of 
spectral  analysis. 


Hydrodynamic  Design 
Practice : 

Control  Surface  Design 

Maneuverability  and  directional  stability  ate 
important  aspects  of  a surface  ship's  and  sub- 
marine's operational  value.  QfluUgl  surface  design 
(rudders,  stern  planes  and  bow  planes)  is  vital  in 
this  consideration. 

Some  guides  are  given  on  other  sheets  (Pie- 
diction  of  Directional  Stability  and  Predictions  of 
Tactical  Diameter). 

As  a first  stop,  jirogs  are  generally  propor- 
tioned upon  length  x-fee*»m,  from  similar  previous 
ships,  modifications  and  variations  are  made  to 
suit  the  ship  under  consideration.  Further  guiding 
information  may  be  found  in  file  #2. 160  (General 
Control  Surface  Data),  hie  #2.  140  (Active  Rudders), 
file  <2.150  (flapped  Control  Surfaces).  Mandol's 
1953  SNAME  paper  and  the  model  and  full-scale 
results  of  particular  submarines  in  file  «2.601 
through  2.614  and  for  surface  ships  in  file  *2.201 
through  2.  349,  and  T able  10  ol  the  Manual  for  Pre- 
dication of  Submerged  Speeds  of  Submarines. 


Hydrodynamic  Design 
Practice: 

Submarine  Directional  Stability  Prediction 

Positive  directional  stab  iity  in  the  hori- 
zontal and  vertical  1 1 .in-  s is  an  important  built-in 
feature  cf  submariner,  that  has  a strong  effect  on 
the  handling  qualities. 

Current  practice  is  to  follow  the  procedure  / 
in  file  2.520  (Prediction  Methods  — Directional  ' 
Stability).  Stabilizing  area  and  shape  are  determin- 
ed by  trlal-and-error  until  a value  of  about  f = -0»2 

i s achieved. 

The  intent  is  to  ke^p  the  control  surfcces 
within  the  block  dimensions  (beam  md  draft)  if 
possible.  This  guide,  however,  hcE  been  violated 
in  a lew  of  our  latest  submarines. 

The  directional  stability  should  be  checked 
by  a mode!  test  program  at  the  earliest  opportunity. 


Hydrodynamic  Design  — 

Practice 

Surface  Slur  Tactical  Pi  rrr.eter  Prediction 

The  tactical  diameter  timt  a ship  should 
make  is  .'pecifTcdin  the  characteristics.  This  is 
an  important  operational  maneuver. 

The  current  practice  of  prediction  cen  be 
iound  in  file  No.  2.202  (piedictions  of  Tactical 
Dimeter).  This  includes,  in  an  empirical  system, 
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jilihe  pertinent  para-iM«us  in  our  resent  knowl- 
edge. An  important  part  ot  this  is  the  rudder 
desiqn.  This  is  n hiahly  in1,vi  fualistic  procedure 
(one  closely  adapted  to  the  particular  ship)  but  this 
would  follow  loosely  the  concepts  outline  in 
SNAME,  1953  Transactions.  "Some  Hydrodymnic 
Aspects  of  Appendage  Design"  by  p.  Mandel. 


These  maneuvers  include  turns  (pertinent  pa- 
raneter  are  tactical  dicmeter,  advance,  trmsfer, 
time  to  change  heeding  90°  and  180°  rate  of  change 
of  holding  and  pe.>d  loss),  zig-zags  and  Uieudonne 
spirals.  These  tests  me  generally  requested  by 
Code  421  or  412,  either  at  the  end  of  the  prelimi- 
nary design  or  the  beginning  of  the  contract  aeslgrt- 


Hydrodynomic  Design 
Practice: 

Subrrmine  Maneuverability  Estimate 

Maneuverability  of  submarines  in  the  verti- 
cal and  horizontal  planer  is  an  important  feature 
of  the  submarine's  behavior. 

Current  practice  is  to  compare  OTMB  re- 
sults cf  certain  standard  maneuvers  to  a similar 
ship  for  differences.  These  maneuvers  include  in 
the  vertical  pi  one  overshoots  in  pitch  and  depth, 
and  time  to  reach,  execute,  in  the  horizontal  plane, 
overshoots  and  Dieudonne  Spirals.  At  this  tme, 
the  results  require  model  tes’s  and  analogue  com- 
puter studies,  it  is  anticipated  that  in  the  future 
these  can  be  determined  at  the  drawing  board. 


Hydrodynamic  Design 
Practice; 

Submarine  Angle  of  Heel  in  Turns,  Pre- 
diction of 

At  this  time,  the  snap  inboard  heel,  experi- 
enced by  our  modem  submarines  when  entering  a 
turn,  is  a limiting  factor  on  the  speed  and  tightness 
of  turn  that  may  safely  be  accomplished. 

The  method  of  pmdi-tirm  of  r,r>aiv  angle  ot 
heel  In  a turn  may  be  found  in  file  2.560.  The 
present  crude  rule  of  thumb  (prior  to  model  results) 
is  to  estimate  the  snap  roll  as  three  times  the 
steady  heel. 

Values  of  snap  roll  In  excess  of  35°  are  un- 
desirable. 


Hydrodynamic  Design 
Practice: 

Standard  Maneuvers  (Surface  Ships) 

Good  maneuverability  and  directional  stability 
are  important  characteristics  of  the  operation  of 
naval  vessels. 

Current  piactiop  in  to  compare  DTMB  free- 
running  model  tests  of  certain  standard  maneuvers  to 
a similar  ship.  At  this  rime,  we  have  not  estab- 
lished firm  critem,  but  it  is  anticipated  that  this 
will  be  accomplished  in  the  near  future. 
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RUDDERS  AND  SUBMARINE  CONTROL 
SURFACES  9220-1  (Code  442) 

A.  Rudder  Design 

Practice: 

Section  1 . - General 

l .1  The  aim  of  rudder  design  is  to  provide 
tight  turning,  good  ability  to  miti  i*e  and  check 
swings  rapidly,  and  good  course-keeping  ability. 
Quantitative  measures  of  these  are  usually  inves- 
tigated by  tactical  diarr.e’er,  zig-zags  (Kempf  or 
Z-maneuvcr)  end  spiral  men*’  iver  (r'leudonne) 
model  tests.  For  replenishment  ships,  the  ap- 
proach and  alongside  positions  are  sometir.es  inves- 
tigated in  model  form.  Of  course  structural  reliabil- 


ity, minimum  propulsive  losses  and  overall  cost  must 
be  included  to  obnin  complete  balanced  design. 

1.2  The  best  sources  of  general  design 
practice  are  the  1953  Truns.  SNAME  aitirle  "Gome 
Hydrodynamic  Aspects  of  Appendage  l.esian"  by 
P.  Mandel  and  "Hydrodynamics  of  Ship  Design"  by 
Copt.  H.  F.  Saunders.  For  merchant  ship  types, 
typical  practice  is  best  shown  in  J.  P.  Con  stock's 
article  in  "Design  and  Construction  of  Steel  Mer- 
chant Ships"  by  Arnott.  Two  publications,  the 
SNAME  revised  edition  of  Principles  of  Naval 
Architecture  an  i a SNAME  Panel  H-1Q  Notes  on 
Ship  Controllability  are  expected  to  bo  issued  in  the 
near  future.  1 he  manuscript  copies  indicate  they 
will  be  very  useful. 

1.3  E or  a specific  ship  type,  usual  design 
practice  is  to  first  study  the  design  history  cf  ear- 
lier ships  of  the  type  and  to  check  with  the  Type 
Desk  for  maintenance  problems. 

Criterio: 

Section  2.  - Rudder  Planform  ond  Location 

2.1  Current  practice  in  selecting  redder 
planform  and  location  aenerally  follow  the  theory 
In  the  1 953  Trans.  SNAME  article  by  P.  Mendel. 

The  tabulation  of  characteristics  on  page  -132  is 
for  specific  shirs  of  the  U.  S.  and  British  Navy 

c_j  sj — ..i. ;cdu  iu iluL!  ...  C 

421  or  442.  Model  tests  are  usually  run  to  verily 
the  prediction.  Ship  characteristics  generally  indi- 
cate desired  maneuvering  performance.  Mcdei  tests 
tests  for  tactical  diameter  are  usually  reliable  >o 
within  plus  or  minus  5 percent.  In  rare  instances 
there  arn  i v"-  dimrerarcies.  ;l:c(t  c.~  cr  ELG  ’.6 
where  full  scale  tactical  diameter  was  16  percent 
greater  than  model  data  (DTBM  Reports  C-975  and 
C-1700).  I*  should  be  noted  that  lull-scale  tactical 
data  are  sometimes  erratic,  so  that  correlation  with 
model  data  reflects  mere  than  just  scale  factors.  A 
10  perren’  manin  on  tactical  diameter  by  r.cd'  l test 
predictions  is  considered  a minimum,  with  a 15  per- 
cent margin  desirable  if  readily  attainable. 

2.2  Additional  items  to  consider  are: 

(a)  Rudders  ate  generally  moved  cut  of  a 

position  directly  in  line  with  propeller  shattina  in 
order  to  avoid  tiie  ptepe|]pr  tail  cer.e  vortex.  Ih's 
is  done  even  for  mile  sere  " chips  (e.  g EE  ’C52) 
with  high  power.  AGEE  1 is  an  exception  to  this 
practice,  since  it  is  expected  'bat  'be  rum p-e-  v -fl 
eltrun.ato  t'-e  •n'  -r  •»  \ 'r!~<.  • i .< 1 1 1 : c lew 

power  arc  us.;  illy  b sit  to  merchant  standards,  with 
the  rudder  in  line  w-rh  ’he  tail  con-’. 

(b)  Unshipping  of  propellers  end  malt- 
ing should  be  investigated  and  adequate  clocranoe 
provided  without  having  to  unship  a rudder.  In 
some  cases  unr.hipping  the  tail  shaft  may  re-pure 
turning  the  rudder  and  rm  oving  pottable  rudder 
plates.  This  is  avoided  wherever  possible. 


^ j (c)  The  rudder  should  be  well  sub- 

merged even  with  the  ship  lightly  loaded  aft  and 
heeling  in  a turn. 

(d)  The  rudder-ruddetstock  combination  of 
tapers  and  location  are  made  such  as  to  permit  un- 
shipping the  rudder  without  special  high  blocking. 
Where  the  rudder  cannot  be  dropped  enough  direct- 
ly downward,  provision  should  be  made  lor  first 
lifting  the  stock  within  the  ship.  rilling  the  rud- 
der on  the  stock  toper  is  possible,  but  is  avoided 
except  as  a last  resort. 


ice,  and  landing  raft  have  twisted  stocks  after 
bcuchmq  and  broaching  with  iudd"rs  in  the  sand.  !n 
some  cases  re|  I a cable  shear  pins  iuve  been  in- 
stalled to  protect  the  steering  gear  from  such 
damage. 

Section  5.  - Ruddetiioel  Material 

5.1  Tor  rudders  welded  integrally  to  the 
stock,  we  specify  the  low  carbon  forged  steel  MIL- 
S-20140.  (fee  L.  !'?C  and  FE10U6  plans  for  details.) 
This  steel  Ins  30,000  p.s.i.  yield  and  60,000  p.s.i. 
ultimate  strength. 

5.2  Beginning  approximately  April  1965,  steel 
forqings  for  ruf  !"i  lock  socketed  connections  ha  e 
generally  be  o:  ! red  to  Mil.  Spec  MIL-S-2328.  This 
will  permit  easier  weld  repcir  capability  than  Mil. 
Spec.  MlL-S-800,  which  had  been  used  for  many 
years. 


Section  4 - Rudder  and  Rudd»'«tock  Stresj  Analysis 

4.1  Because  of  th"  tn  parlance  of  rudders  in 

L _ . ..  t •« 

**•“  ■»  r i “ "»“••••  O » lo  U3li  jisj  inuGc 

during  design,  and  the  smphuilder  is  usually  re- 
quired to  make  one  based  cn  actual  scantlings. 

Stresses  are  limited  sc  as  to  provide  a minimum 
factor  of  safety  of  2.0  on  yield  with  loads  computed  ~'N) 
as  indicated  in  Section  ?.?.  '.'.’here  loads  are  estirat-'^K 
ed  by  less  reliable  means  (e.g.  Jcossel's  formula) 
the  minimum  factor  of  safety  is  taken  as  2.5  on 
yield. 


4.2  For  Semi-ba!anced  rudders  with  horn,  the 
best  practice  is  available  in  Code  442  files  for  the  C z') 
BB61  stress  analysis  by  Mew  York  Nava!  Shipyard.'^ 
For  gudgeon  strength  (designed  as  elastic  arch)  a 
method  devised  by  L.  W.  F erns  is  used  and  available 

in  the  Code  142  files. 

4.3  For  spade  rudders  the  best  practice  is 
shown  in  Code  442  files  for  the  Gibbs  and  Cox  /7T) 
stress  analysis  of  DD931  Class  and  DL2  Class 
rudders. 

4.4  A computation  for  rudder  hub  strength  is 

shown  in  the  Cod"  142  fifes  for  CVA(N)55.  DTMB 


Report  Experimental  Stress  Analysis  of  a Sock 
Connection  in  Bending  by  L.  A Becker  has  some 
useful  test  data. 

4.  5 Thor"  are  also  prchl'-vrs  with  non-hydro- 
dynamte  loads  cn  rudders.  AKA,  AGB,  and  LST 

types  have. twisted  rudderstocks  while  operating  in 


TMB  'CN 

eted  '\l) 


5.3  The  lire  ol  higher  strength  steels  tends 

to  save  weight  am1  peimit  thinner  rudder  sections, 
both  of  which  ere  desirable.  1 her"  arc,  however, 
the  following  draw  leeks:  (a)  the  drdlection  of  the 
stock  fends  to  bo  greater,  involving  a potential 
problem  with  seals  and,  (b)  the  natural  freguenev 
tends  to  be  lower,  which  probable  involves  a little 
more  potential  vibration.  , 

5.4  V,’h"re  rudd"rstorks  are  required  to  have 
little  or  no  nanretic  peimccnility , aluminum  brow?" 
has  worked  well  on  AMS60  and  M50421  Class. 

World  War  II  u in  . sweepers  had  rudder:-; ccks  cf  To- 
u.n  oror.ze  js  ieoiiy  u uiuss/.  r nese  cent 

and  twisted  in  service,  hence  the  later  desians  used  i 
the  high-grade  end  costly  aluminum  bronze. 

5.5  In  selecting  rudderstocks,  corrosion  re- 
sistance is  desirable  (since  protective  coatings  are 
not  yet  reliabl").  Ordinary  faticu"  is  not  consider- 
ed to  be  a problem  since  there  are  generally  cnly  a 
lew  cycles  ci  high  stress  a year  (ship  at  full  power 
with  full  rudder  angle).  Notch  toughness  is  highly  de- 
sirable, since  corrosion  pitting  is  probable  over  the 
course  of  years. 

Section  6.  - Rudder  Plating  ond  Framing 

6.1  Present  practice  is  to  adjust  plating  and 
framing  to  get  panel  sizes  of  spar,  equal  to  about 
40  thicknesses  of  plating.  Earlier  designs  with 
greater  spars  (o.g.  CP445  Claps.  PC692  Class, 

CVA41  Class)  r.uflered  loss  of  rudder  plating  from 
pantina,  fatigue,  corrosion,  and  "rooion. 

6.2  For  rudders  not  in  a propeller  race  the 
platinq  is  usually  M.S.  (e.g.  FI. I).  Ter  rudders  in 
a propeller  race,  S.T.S.  or  HY  80  nra  generally 
specified  (e.g.  FL2  Class)  because  of  superior 
strength  and  slightly  improved  corrosion  resistance 
compared  with  H.T.3.  and  M.S. 

6.3  At  the  trailing  edge  of  the  rudder,  a 
rabbeted  casting  or  forging,  with  equal  galvanic 


CHANGES 


Insert  Page  149 
(Starting  with  Section  4) 

Change  #6  Section  4.1  - Delete 

words  after  ..."safety 
of  2.0..."  and  insert  "on 
yield  for  spade  rudders  and 
2.5  on  yield  for  horn  rudders 

Change  HI  Section  4.2  - Delete 

existing  paragraph  and 
add  the  following:  For  semi- 

balanced  rudders  with  a horn, 
the  best  documentation  is  in 
MR&S  Report  2566-3  and  the 
B B 6 I stress  analysis  diagram 
which  is  available  in 
Code  6136  files. 

Change  #8  Section  4.3  - Delete 
paragraph  and  add: 

For  spade  rudders  the  proce- 
dure is  documented  in  MR&S 
Report  2566-3  and  the  DD931 
and  DL2  stress  analysis 
diagrams  which  are  available 
i n Code  6136  files. 

Change  #9  Change  the  words 

Code  442  to  Code  6136. 

Change  #10  Add  Section  4.6:  For 
non-tapered  gudgeons, 
the  gudgeon  strength  is  deter 
mined  with  the  aid  of  the 
report  titled  "method  of 
Calculating  Stress  in  a 
Gudgeon  - Envelope  010809. 

For  determining  the  strength 
of  tapered  gudgeons  use  the 
report  titled  "Experimental 
Stress  Analysis  of  a Socket- 
ed Connection  in  Bending" 
by  L . A . Becke  r . 


property  as  the  side  plating,  provider,  the  strongest 
construction  (e.g.  TL2).  Where  economy  is  impor- 
tant, the  side  plates  can  be  welded  to  one  another 
(e.g.  DE 1006). 

6.4  Valuable  Information  on  this  subject  is 
available  In  TMR  F.ept.  R— 3S4  "Motes  on  Casual- 
ties to  the  Twin  Rudder  of  United  States  Destroyers" 
by  Captain  H.  E.  Saunders. 

Section  7.  - Bearings 

7.1  Bearings  ate  to  to  designed  to  take  the 
rudderstock  radial  and  thrust  lea  is  and  the  rudder- 
stork  flexural  deflection.  These  are  computed  us- 
ing: 

(a)  Hydrodynamic  loads  on  rudder 

(b)  Weight  cf  rudder  plus  stock 

(c)  Eor  desian  which  includes  shock  re- 
sistance as  a requirement  (a  factor  from  General 
Specifications  9-1  DM  ) t:r  es  the  .-.•eirht  produces 
radial  and  thrust  loads  which  are  not  combined 
with  (a)  and  (t)  above. 

7.2  Bearinns  are  of  two  basic  types: 

(1)  Rolling  friction  ot  anti-fuction  (such  as 
roller  or  ball  bearing:-)  end 

(?)  Sliding  friction  or  rlerv-  (such  as 
floating  collars  for  'hrust,  bton.-e  sleeve  and  p'.erio- 
lic  bearing  typo  for  radial).  Recent  cyan  pies  of 
♦Kiocr*  fvnoc  are*  shown  roii rf*c t iv<r iv . c.\  I'iuns 

DD927-S2202-760457  and  DT 93 1-52200*  1426955. 

7.3  V.’c  have  been  us:na  fricti  n coefficients  of 
0.01  for  anti-friction  types,  and  from  0.15  to  0.20  for 
sleeve  types.  These  values  are  cased  on  commer- 

cia!  practice  end  sen  e brief  tests  it  !'ettsrr.oufh  / i 
Naval  Shipyard.  In  connect i til  ’ rgue  esti- 
mates,  there  r.iy  bo  same  rr.,:  i.n  in  :l  e 0.  2 coeffi- 
cient for  sleeve  bearings.  There  is  r.o  significant 
margin  in  the  0.  1 coefficient  for  anti-friciion  bear- 
ings. 

7.4  Sleeve  tearinqs  have  low  initial  cost, 
are  relatively  easy  to  maintain,  and  in  most  cases 
would  be  relatively  easy  to  repair  in  emergencies. 

We  usually  specify  staves  of  laminated  phenolic, 
with  laminations  such  as  to  produce  eiqewise  com- 
pression. Stave  details  and  clearances,  are  shown 

In  BUSH1PS  Stan  laid  Plans  52200-9.- 1 759  or  1 52209- 
921760.  Clearances  are  also  shewn  in  3U5HIPS 
Technical  Manual  Chap'ot  i-i.  All.'..  m le  compres- 
sive stress  is  taken  as  3000  p.s.i.  This  material  has 
a Young'.,  modulus  of  about  -l.'O.r.n  p.s.i.,  and  can 
tun  in  water,  qrc  t .-a,  r oil.  vorr.iretctal  forms  are 
sold  such  as  We  tirahouse  Marine  Mir  jrta.  Ryertex, 
and  Tufncl.  In  special  cases  • iv  re  ! r mated 
phenolic  bearin  js  -cult  be  o Icna  is  *o  cause  bind- 
ing ftom  flexure  of  the  rudder. to-'k.  other  materials  s 
are  in  order,  such  as  inn  metal  'f  >:  ill-base  alloy. 
These  permit  higher  beaung  stres.  es.  so  they  can  be 
shorter.  Typi'al  installations  are  shown  in  BUSH1PS 


Plans  SS564-S 11 08-93 5524  and  5SN585-518  1713907. 

A calculation  fot  clearance  in  the  bearing  with  the 
stock  in  its  deflected  shape  is  shown  in  plan  S5N585- 

845-1716223. 

7.5  Anti-friction  bearings  are  fairly  ex- 
pensive and  lequire  some  precision  machining 
to  install.  They  have  the  compensatory  a ivan- 
tages  of  permitting  significant  reduction  of 
steering  gt-ur  torque  (in  the  order  of  40%)  and 
can  be  self-aligning  (so  that  rudderstock  de- 
flections and  hull  movement  do  not  cause  bind- 
ing). Thc-te  ate  several  manufacturers  of  toller 
bearings  (spherical  and  ncn.-rpherical),  which 
tends  to  keep  the  price  reasonable.  We  usu- 
ally require  that  the  roller  bearing  vender  in- 
dicate his  approval  of  the  shipyard's  ir.rdclla- 
tion  details  by  signing  on  the  working  plan. 

7.6  It  is  understood  that  roller  bear: ms 
were  installed  on  a collier  at  alout  the  time  of 
World  War  !,  and  that  they  had  to  be  rep!  iced 
by  sleeve  bearings.  No  records  are  available. 

1JSS  TIMMERMAN  (EDD  828)  had  a roller 
bearing  installation  which  gave  no  trouble 
durinq  the  ships  brief  career  at  sea.  USS 
NORFOLK  rut  :n  I :!u  I'T  MlTfXHER  ( L 

2)  Class  have  spherical  roii“t  bearings  which 
have  been  operating  since  about  1930.  '1  here 

• _ • \ l • . . > 1 ; _ » 

naa  Leva  bui.ur  cof*:£in  Go  

of  one  or  two  rollers,  due  to  poundinq  cl  a 
propeller  race  on  a rudder  which  is  generally 
operating  near  zero  degrees.  This  has  appar- 
ently not  happened. 

7.  7 Two  unsettled  pm  . liens  cn  an*t-fr»ction 
bearings  are:  (a)  is  it  vcr;:  h.ilc  teguirim  an  instal- 
lation with  inner  race  exp.r-if-J  to  take  up  clear- 
ances? and,  (b)  should  insiqns  call  for  an  adapter 
so  as  to  try  to  standardize  on  the  beating  size?  Past 
practice  has  permitted  builders  to  use  their  judge- 
ment on  these  matters,  and  the  actual  practices 
vary.  As  service  experience  accumulate,  the  Ship 
Specifications  can  become  more  specific. 

Section  8.  - Bearing  Seels 

8.1  Sleeve  bearings  at  the  hull  can  cp- 
erate  with  sea  water  as  the  lubricant.  Usual 
practice,  however,  :s  to  r ill  for  pressure  grmso 
lubrication  and  a seal.  The  seal  is  usually  a 
gland,  made  in  halves  to  facilitate  replacement, 
with  a few  rows  of  pc  king.  It  is  adjustable 
only  in  drydnek.  it  moro-or-less  retains  the 
grease  and  excludes  sea  water  and  sand  or  mud 
particles. 

• 8.2  Sl«-,'ve  and  rnllrr  bearings  within  the 

^ hull  ate  usually  pleasure  grease  lubricated,  and 
occasionally  oil  lubricated.  Adjustable  seals 
are  provided,  and  made  in  halves  to  facilitate 
unshipping.  • 
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CHANGES 


COMMENTS 


Insert  Page  1 50 

Change  # I I Delete  the  last  sentence 
of  paragraph  7.3  and 
insert  this  sentence:  There 
is  no  significant  margin  in 
the  0.01  coefficient  for  anti- 
friction bearings. 

Change  #12  Delete  the  words  gun 
metal  or. 

Change  # 1 3 Delete  paragraphs 

8.1  and  8.2  and 
insert  the  following: 

8 . 1 Current  practice  with 
sleeve  bearings  is  to  use 
elastomeric  seals,  (spring- 
loaded  lip  seals)  at  both 
ends  of  bearing.  These 
seals  should  be  chosen  to 
be  flexible  enough  to  main- 
tain an  effective  seal  for 
all  rudder  stock  deflections 
and  to  accommodate  allowable 
bearing  wear.  Lubrication  is 
by  grease  with  suitable 
distribution  grooves  in  the 
bearing.  A vent  is  required 
near  the  grease  fitting  to 
determine  when  bearing  is 
full. 

8 . 2 Use  of  adjustable  seals 
( comp  re  s s i on  packing)  is 
generally  being  discouraged 
since  they  lack  the  flexibi- 
lity and  resilience  to 
accomodate  rudderstock  motion. 


P rope  r value  for 
friction  coefficient 
is  0.01 


Changes  made  according 
to  NAVSEC  memo 
SER  29-61148D 


8.3  Roller  bearing  Foils  at  the  hull  re- 
quire special  attention  because  sea  water  will 
ruin  the  bearings.  The  DL1  and  the  DL2  Class 
have  Syntron  seals,  adjustable  only  in  drydock. 
These  seals  have  an  internal  oil  pressure  which 
exceeds  the  sea  pressure,  so  that  if  there  is 
any  leakage  it  will  be  oil  going  out.  There  was 
some  difficulty  in  the  building  yards,  due  pri- 
marily to  the  attempt  to  wrap  a straight  ex- 
truded seal  around  a stock.  When  molded 
circular  seals  were  used  there  were  no  problems. 
These  Syntron  seals  have  been  operating  sat- 
isfactorily on  PL!  and  Li.,1  fer  about  IS  years. 

A more  conservative  solution  has  been  used  on 
recent  destroyers,  wheteby  the  hull  seal  is  a 
gland  with  packing,  adjustable  from  inside  the 
ship.  This  means  moving  the  hull  roller  tear- 
ing upwards  a little,  with  a slight  increase  in 
nidderstock  bending  moment.  This  type  of  seal 
has  the  advantage  of  being  capable  of  repair  / T ) 
almost  anywhere. 


Section  9,  - Rudder  St r eamline  Sections 

9.1  Present  practice  is  to  specify  the 
NACA  4-digit  symmetrical  series.  Offsets  are 
available  in  General  Specifications  92?'J-1.  The 
first  two  digits  in  this  series  are  zero,  and  the 
last  two  digits  represent  the  thickr.ecs/ch^'d 
ratio  (e.q.  an  0024  section  has  thickness  equal 

to  it/ o Oi  ii ie  CiiOm/. 

9.2  At  the  after  edge,  the  offsets  show  a 
definite  half-breadth.  The  traihna  edge  is 
specified  to  be  left  sharp  since  this  sliahtly 
Improves  lift,  does  not  add  to  the  cost,  and  pro- 
vides a little  extra  strength  (particularly  for 
astem  operation)  compared  with  a knife  edge. 

9.3  Usual  practice  is  to  specify  sections 
at  the  root  and  tip  chord,  with  straight  lines 
connecting  like  numbered  stations.  Unless  the 
thickness-chord  ratios  tip  and  root  are  identical, 
this  results  in  a sliahtly  warped  surface.  None 
of  the  shipyards  have  ever  complained  of  tlus, 
and  apparently  the  warp  can  be  taken  up,  even 
with  STS  or  HY80,  without  difficulty. 

9.4  Some  previous  designs  (e.q.  MSQ421 
Class)  had  stream!;-  ■ i sh  •: . ? to  DTMB's  FPH 
(ellipse-parabo!a-hyp-gl  ola)  section.  This  prac- 
tice was  discontinued  when  it  war,  learned  that 
the  F1PH  section  had  high  negative  pressure 
peaks  at  large  angles  of  attack,  .and  would  thus 
he  more  likely  to  cavitate  than  the  NACA  sec- 
tion. 


Section  10.  - Rudder  Initio!  Zero  Setting 

10. 1  The  rudder  indicator  zero  in  the 
pilothouso  is  sometime?  set  with  the  rudder 
not  parallel  to.  the  center-line  plane  of  the  ship. 


10.2  For  twin-screw  twin-rudder  ships, 
model  tests  are  ordered  to  determine  SHP  to 
make  some  high  speed  in  the  region  of  full 
power.  These  tests  are  run  over  a range  of 
rudder  sottiiigs-lboth  rudders  with  trailing  edges 
inboard  4’  to  both  with  trailing  edge  out- 
board 4".)  Thu  selection  is  made  on  the 
basis  of  lowest  SHP  to  make  desired  speed  but 
vibration  someth  es  is  involved.  Cn  DD931 
Class  it  was  found  that  optimum  rudder  settings 
for  propulsion  involved  unacceptable  vibration. 
The  rudder  initial  settings  were  modified  to 
ease  vibration,  at  the  expense  of  propulsion. 

On  DLG14  a similar  condition  was  specifically 
investigated  du:  m i builder's  trials,  and  a 
similar  compromise  made.  (See  Code  442  rudder 
files  for  these  ships). 

10.3  For  ships  with  single  right  hand 
screw,  tiiere  is  a basic  tendency  to  turn  to  pert. 
For  such  dcstens  mode!  mannevr-rinq  tests  are 
sometimes  cidet-  d to  find  ‘he  rudder  anale  for 
straightaway  nation.  The  ruddet  is  then  set 
that  way  with  indicators  at  zero. 

10.4  For  twin-rudder  twin-screw  ships, 

TMB  model  ton’s  show  that  the  best  setting  for 
minimum  SHP  is  not  the  same  as  the  best 
sotting  for  minimum  rudder  drag.  Piesurrably 
there  is  an  interaction  between  propeller  and 
rudder. 

Section  11.  - A'tcin  Operation 

11.1  Astern  operation  is  usually  inves- 
tigatea  - sly  for  . hips  having  a military  re- 
quirement fer  acini  astern  (e.g.  LCU  types  which 
retract  astern).  Model  tests  are  then  used  fer 
determining  ron'roilubihty,  since  there  is  nc 
reliable  theory. 

11.2  Ship  speed  for  astern  operation  is 
Usually  estimated  at  80%  of  the  ahead  speed  for 
the  same  SHP.  This  is  based  on  model  tests 

o{  IFS1.  If  a more  refined  estimate  is  needed, 
propulsion  tests  should  bo  ordered. 

11.3  Astern  operation  generally  does  not 
control  scantlings,  end  generally  dees  control 
steering  gear  capacity.  Recent  practice  has  been 
to  design  th-  ste  ring  gear  for  ahead  operation 
and  limit  sustained  astern  RPM  so  as  not  to 
exceed  the  steering  qear  capacity.  ’’Sustained’1 
astem  PPM  ;•  ■ p die  j So  jr>  to  still  permit 

the  ship  to  use  full  astern  RPM  lor  ctashback. 

It  should  be  noted  that  for  astern  operation  the 
hydrodynamic  forces  tend  to  move  the  rudder  to 
larger  angles,  since  the  center  ol  pressure  is 
well  aft  of  the  stock.  Accordingly,  in  qorng 
astern  with  a hydraulic  system,  when  the  relief 
valve  opens,  the  ruddet  would  go  to  hard  over. 

To  avoid  this,  usual  practice  is  to  specify  that 


COMMENTS 


Change  made  according 
to  NAVSEC  memo 
SER  29-6  1 i*8D 


Change  #15  Add  in  paragraph  9.1  after 
"...of  the  chord,  the 
sentence:  The  maximum  thickness/ 

chord  ratio  equals  0.23. 


CHANGES 


Insert  Page  151 


Change  #14  In  paragraph  8.3  after 
the  sentence  ending 
with  " . . . r v.  u d e r s t oc  k bending 
moment".  Add  the  sentence: 

The  hull  seal  must  be  separate 
and  independent  from  the  bear- 
ing seal  with  provision  for 
leak  off  between  the  two. 


j 


I 
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the  safe  sustained  astern  RFM  be  determined 
from  sea  trials,  and  that  suitable  warning  plates 
be  Installed. 

11.4  Astern  tome  and  center  cf  pressure  co- 
efficient for  certain  rudder  shapes  are  available  In  IN 
Appendix  C of  DATMOBAS  Rrpcrt  933  ■ v 

B.  Submarine  Control  Surfaces 

Practi  ce: 

Section  1 - General 

1.1  Information  in  "T<’chn:  al  Practices  - 
Rudder  Design"  is  applicable  also  f.  r sub- 
marines. Additional  special  items,  pertinent 
only  to  submarines,  are  included  here. 

Criteri  a: 

Section  2 - Stability  and  Control 

2.1  The  basis  intent  of  submarine  control 
surface  design  is  to  ob'ain  positive  directional 
stability,  good  depth  and  course  keeping  abil- 
ity, and  good  ability  to  initis'e  and  check  tra- 
jectory changes.  The  preliminary  design  es- 
timates of  required  control  surfaces  ere  General- 
ly tested  by  L Tt.'B,  and  adjustments  made  as 
necessary.  After  minimum  requirements  are  "'e* , 
there  is  the  problem  of  hew  much  better  to  make 

matter  of  degree  ct  controllability.  Design 
decision  involves  judgment,  experience,  and  com- 
promise related  to  the  spn  die  care. 

2.2  Stability  and  central  cr”  design  re- 
quiremenls  for  ahr-gd  pe:a‘..  n.  surfaced  and  sub- 
merged Astern  pci  :*:on  is  ercil,  quite 
unstable,  and  we  accept  whatever  ccr  ?s  out  of 
the  design  that  has  been  based  on  ahead  opera- 
tion. 

2.3  Bcslc  theory  for  submarine  stability 
end  control  is  available  in  the  Taylor  Model 
Basin  lecture  notes  "Tne  Lymm.ral  "'ability 
of  Submariner,"  by  1,1.  A.  ABi'Mi?,  June  1949. 
Another  very  qoc/d  source  of  stability  and  con- 
trol practice  is  in  TMT3  repoi'r.  on  r.~  ml  tests 
and  full  scale  evaluation  c.f  specif;-  i»siar.s. 

These  repot l r genenlly  include  considerable 
discussion  of  design  suitability  in  addition  to 
test  data. 

2.4  Performance  requirements  fer  automatic 
or  semi-automatic  control  systems  -me  specified  lr' 
terms  of  "percentage  of  time  /a thin  t 5 fool  hind" 
at  particular  epee  1 (e.g.  6 knots)  a r I keel  dep'h 
(periscope  depth)  in  a particular  sea  state  Computer 
studies  using  model  J at  a or"  run  g*  Pd  Vi?  to 
determine  the  practicality  of  the  specification. 


Section  3 - Fairwoter  Plones  ond  Bow  Planes 

3.1  Fairwater  planes  (also  called  sail 
planes)  or  bow  planes  are  piovidcd  primarily  for 
assisting  the  stern  planes  in  low  speed  fine  con- 
trol of  depth  (e.g. ,4  knots  and  periscope  derm). 

In  cases  of  stern  plane  jamming  ot  small  angles, 
the  forward  planes  could  overpower  the  after 
ones  and  control  depth  and  pitch  anqte.  In 
usual  design  practice,  however,  the  forward 
planes  are  not  made  large  enough  to  be  effec- 
tive in  such  emergencies.  Some  submarine 
operators  use  bow  planes  fer  depth-chanqinq 

at  high  speed,  but  this  is  not  general  practice. 
Al.BACORE  ( AG.iS  c5v!  evaluated  performance  with 
and  without  bow  planes,  and.  for  her  operations, 
finally  concluded  'ho/  . hould  be  omitted.  AGSS  SjS 
is  being  build  without  bow  or  fair-water  planes,  since 
the  ship  characteristics  do  not  require  fine  depth 
control  and  the  cr.irv.icn  reducer,  weight,  cost,  and 
mechanical  complex:'  , 

3.2  Bow  planes,  situcted  ns  far  forward 
as  possible,  have  greater  pitching  leverage  than 
falrwutei  planes.  In  sunh  forward  locations 
bow  planes  have  had  to  be  stowed  by  folding 
or  rotating,  since  their  ou'reach  would  make 
handling  at  docks  and  nesting  quite  d-fticul? 
and  also  to  avoia  [ ending  when  surfaced  in  a 

E-  .. — > n ..  : c ■ • ".ccs  tj,-*'  : 

and  60S)  caii  ivi  ei  pl^uo.-.  p.,  tc, 

release  the  valuable  spa^e  fer  ward  for  sonar 
and  torpedoes.  Fairwoter  planes  outreach  is 
usually  kept  wi'hin  raximum  hull  d.rrensions. 
end  rolling  along:  He  a do  k is  also  considered 
(e.g. , see  Cede  41?  f . I -»  f-p  oof'!',  597V  Fail- 
water  plar.es  j;e  irc.d  -n'al’.y  i:  e-;  as  a gunjv.ay 
for  access.  Socke's  for  portable  stanchions  are 
fitted  with  faired  pinas  fer  operation  at  sea. 

3.3  The  leading  edge  is  usually  raked 

so  as  to  deflect  mine  cables.  There  is  no  fixed 
practice  cn  wteth-r  tips  should  to  square 
(cheaper  and  -ere  li!t)  or  rounded  (costlier, 
less  lift,  somewhat  quieter).  1/ 

3.4  In  computing  forces  :rd  renters  cf 
pressure,  the  arqle  of  atta'k  is  'aken  as  the 
plane  or  jl«  f'!nl."':  i Met  l.'e  -;qn  Froctic". 

Section  3H,  the  i : . ■ g planes  ran  he  operating 
with  no  drift  :n  j!e  r-  -i.)  1 he  a-  i ll  plane 

anqle  is  limited  to  20"  or  2b’:  basei  on  esti- 
mated stall. 

3.5  F airwoter  t Jnw  pi  ire  til'inq  rite 
is  usually  taken  ej-.al  to  that  (or  the  stem 
planes . 

3.6  The  he  : • ! ‘ m /. g1  ; pi  v -«>-  f -on- 

sidoiable  it;  - • m e r f pi-  . :.  s 

pianos  are  ri  ->  p ‘ - •>  !■  • hi  jhe-  -•  e • - ip'i  - 

and  electron:  * r i • , ! ' ir  '!•'■/;  i«  " : . This 
has  led  to  greater  ant.  .ultra  in  por,.  p<  iepth 
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CHANGES 


COMMENTS 


Insert  Page  152 

(For  section  3 . b of  this  page, 
see  NAVSEC  Report  "Establish- 
ment of  Design  Practice  for 
Rudders  and  Diving  Planes" 

(MR&S  Report  2^99-2). 

Change  A 16  Delete  paragraph  1 1 . b 

and  insert  the  following: 
11.4  Astern  force  and  center  of 
pressure  coefficient  for  certain 
f rudder  shapes  are  available  in 

Appendix  C of  DTMB  Report  933. 
This  data  may  be  used  to  obtain 
a preliminary  estimate  for 
maximum  permissible  astern 
speed.  In  sea  trials  the 
maximum  permissible  shaft  RPM 
will  be  determined  and  this  will 
establish  in  turn  the  maximum 
astern  speed. 

Change  #17  Delete  sentence  beginning 
with:  There  is  no  fixed., 

and  add  Tips  should  be  rounded 
to  reduce  noise. 


control  is  a scow  ;y  nan  lor  598  Class.  Tho  scpara- 
tion  between  periscope  a.  d fairwatrr  pianos  on 
SS(N)  585  C!  k s aopo  : t rati:  factory.  As  an  eyperi- 
mcnt,  bow  pl  aner,  have  be- n installed  or.  SSP(N) 

626.  Evaluation  thus  far  is  not  conclusive  since 
there  are  some  subjective  factors  and  the  seaway 
invclves  a variable  test  environment. 

Section  4 - Stern  Planes  and  Stabilisers 

4.1  The  area  needed  at  the  stern  for 
stability  in  the  vertical  phr.<->  is  determined  by 
theory  (C  ode  -171  has  the  r 't  information  on 
prediction  methods)  end  model  test.  The  area 
Is  usually  too  brae  to  be  made  all-movable,  so 
part  of  it  is  installed  as  a fixed  stabilizer. 

At  times  fixed  area  is  inserted  on  shaft  lines  of 
twin  screw  subs  (e.cj.,  SS(N)571 ). 

4.2  As  wi»h  bow  planes,  the  angle  of 

attack  is  taken  equal  to  the  plane  angle,  with- 
out any  drift  corrections.  The  force  and  center 
of  pressure  determination  for  the  stern  plane 
plus  stabilizer  combination  : lengthy  and  com- 
plex. The  Lest  sources  of  force  and  torque 
information  am  the  Code  442  file,  "Rudders 
and  Diving  Dianes  SSB(N)608"  (which  includes 
reference  material),  and  recent  lesearch  reports 
by  Georgia  Institute  of  Technology  on  "Wind 
Tunnel  Investigation  of  the  rffect  of  a Simulated 
Submarine  Hull  on  the  A-  : -lym^ic  Characteris- 
tics cf  All-M  .able  Control  Surfaces  Having 
K'xr-A  nnis  a c„  // 

luaa,  and  by  bi.  oi  ltyiari  cn  "Wind  Tunnel 
Investigation  of  the  Characteristics  cf  a 
Flapped  Cor.trcl  Surface  Mounted  cn  a Simulated 
Submarine  Hull"  dated  June  1959.  These  reports 
are  available  in  Cod"  4-12  file  "Fluid  Me- 
chanics - Can't  cl  surfaces". 

4.  3 The  ph:  f-rm  mi  !r  • rr.cn  cf  stern 
plane  and  stabilizer  are  selected  with  the  fol- 
lowing considerations  in  addition  to  conventional 
hydrodynamic  efficiency: 

(a)  The  leading  edge  rake  should  be 
such  as  to  deflect  min"  cables,  or  else  the 
shape  should  permit  attaching  cable  guards. 

(b)  Ample  fore-and-aft  clearance  from 
the  propeller  should  be  maintained,  to  minimize 
noise  and  vibration.  Clearance  is  measured  Item 
the  centerline  of  : : t -die;  t ! ■ io  at  the  0.  7 radius  to 
the  leading  rda>-  of  the  contrr  1 surface,  and  in  nor.- 
dirr.ensionaltzed  in  the  fern  of  percent  of  propeller 
diameter. 

(c)  Span  should  be  limited  so  as  to 
facilitate  nesting,  coming  alongside  a dock, 
and  for  larger  rubs  to  increase  the  number  of 
drydocks  and  building  ways  that  can  be  used. 

The  SSB(H)603  stern  planes  and  stabilizer 
have  an  over-all  span  of  40'-4",  which  is  about 


the  limit  on  Electric  Boat  Division's  building 
ways.  This  span  extends  beyond  the  maximum 
beam  (pressure  hull  diameter  - 3V-Q"),  bu!  is 
necessary  for  stability  and  control.  Portable  out- 
board sections  of  stabilizers  are  permissible 
where  necessary  for  building  ways  clearance. 

4.4  Stern  plane  tilting  ra'e  is  generally 
specified  as  5” /sec.  minimum,  to  (tovide  ade- 
quate controllability,  and  lCf/sec.  maximum, 

to  minimize  the  required  capacity  cf  the  hydraulic 
system.  A mere  refined  specification  is  shown 
in  the  Preliminary  perign  section  cn  technical 
practices  for  hydrodynamics.  The  most  reliable 
method  of  specifying  stern  plane  rate  is  from  a 
computer  study  of  its  effect  on  trajectories  or 
depth  control  in  a seaway. 

4.5  Since  the  stern  planes  are  vital  for 
depth  control,  particular  emphasis  is  placed  on 
minimizing  conns  ion  cf  the  stocks.  We  require 
protective  coatings  o:i  exposed  poitions,  and 
there  is  a routine  requirement  fer  periodic  in- 
spection. At  present  this  problem  is  not  satis- 
factorily solved.  New-  coatinqs  aie  being  tried, 
and  .vo  k-  op  up  .-.itii  tne  latest  serv  ice  experience 
obtainable  from  the  Submarine  Ship  Type  Branch. 

Section  5 - Rudders 

5.1  The  design  of  submarine  rudders  is 
aencrally  the  same  as  covered  in  "Technical 
Practices  - A.  Hunger  Design". The  significant 
differences  cr:  die cussed  btfr  -. 

5.2  A top-side  ruader  is  in  a fiow  wrven 
has  been  disturbed  by  the  sail  and  superstructure. 
This  was  first  demonstrated  by  a wake  survev 

on  a model  of  SSR(N)608.  Accordingly,  the  top- 
side rudder  is  not  very  effective  for  stability, 
where  snail  angles  are  involved  even  tho  -’h 
quite  effective  for  turnina.  A lai  re  fixed  sfocl 
support  for  ttie  upper  rudder  was  used  on  SSB 
(N)608,  to  get  the  upper  rudder  into  a cleaner 
flow  reqion. 

5.3  A dorsal  rudder  (see  plan  AGSS569- 
800-1934050  is  a flap  on  the  after  end  of  the 
sail,  designed  to  reduce  snap  roll  in  submerged 
turns.  As  a submarine  goes  into  a tu~n,  the 
angle  of  attack  on  the  sail  would  produce  lift 
causing  large  inv.atd  heel.  The  drrsal  rudder 
introduces  a camber  which  reduces  the  un- 
desirable lift  on  the  sail.  Timm-'  the  movement 
of  the  dorsal  and  conventional  rudders  is  irrper- 
tant  in  achieving  this.  Dorsal  rudders  are  still 
considered  experimental,  and  USS  ALBACORE 
(AGSS559)  represents  the  only  application  at 
present. 

5.  4 F or  AG?5  555.  rudder  pla'mg  and  stiff- 
enets  ue  rf  |ibe-  jla  s reinforced  plcritc.  Rudders 
were  fabricated  by  Republic  Aviation  Corp.  for 
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Portsmouth  Navai  Shipyard,  and  ate  filled  with  syn- 
tactic foa  a In  this  application  fairly  thick  rudders, 
NACA  0020,  are  specified  in  order  to  provide  buoy- 
ancy. Service  experience  is  desirable  before  further 
applications. 

Section  6 - Initiol  Zero  Settings 

6.  1 I he  divina  plane  initial  settings  involve 
indicator  zero  even  though  p!  irn  -.  rn  tv  he  tilted  rel- 
ative to  baseline.  Settims  are  'Mectc  i on  the 
basis  of  model  tests  so  a:,  to  prof  me  steady  fluiht 
at  constant  depth  at  siqnihc  ant  :.p---  is.  A small 
hull  angle  is  generally  accepted  rattier  than  take  the 
higher  plane  drag  r*  o-:H  f't  ?•  it  io.it  angle.  For 
example,  on  US3  Triton  (r,'r  '■  (}»'15®g)  *h«  how  planes 
are  set  parallel  to  base  lire,  tfie  s’  a:  ilizers  and 
stern  planes  are  s*-*  one-half  degree  rice,  and  the 
estimated  hull  angle  is  one  degree  down  (at  higher 
speeds) . 

6.  2 On  single  screw  subs  the  stern  planes 
and  rudders  are  also  set  at  an  angle  so  as  to  coun- 
teract the  propeller  tergue.  Theoretically  the  set- 
ting is  independent  of  ship  speed,  since  control  sur- 
face lift  and  also  propeller  torque  are  hot's  propor- 
tional to  sguare  of  speed.  (Come  anomalous  results, 
reported  by  Portsmouth  Iren  Builders  Trials  of  U3S 
BARBEL  (S3580)  ct"  not  cor.ridi-ied  :r.  r---tim  con- 
trols for  single  screw  boats).  These  settings  for 
counteracting  propeller  torque  are  in  the  right  direc- 

ll._  r - - ....  - lU- II  — -e 

ot  them.  1 he  stern  plane  angles  for  countering  pro- 
peller torque  aTe  combined  algebraically  with  those 
for  flight  ct  constant  depth.  On  3SB(N)  599  class, 
with  a single  right-hand  propeller,  the  net  result  was 
to  require  the  pert  r.*«rn  plane  to  re  set  a!  2’  .vV 
dive,  the  start  card  stern  r lane  a;  0”  20'  dive  the 
upper  rudder  1“  trailing  edge  to  port,  and  the  lower 
fudder  1*  trailing  edge  to  starboard. 

Section  7 - Sea  Slap 

7.  1 The  practice  is  to  assume  that  waves  act- 
ing on  exposed  control  surfaces  are  equivalent  to  a 
static  uniform  load  of  1000  pounds  pet  square  foot. 
Under  this  loading  the  Ship  Specifications  usually 

Indicate  that 

(a)  Structure  may  be  stream  i up  to  the 
yield  point  (this  particularly  involves  torque  keys 
and  key-ways) . 

(t)  The  control  surface  torque  may  exceed 
hydraulic  gear  capacity  (because  of  the  long  lever 
arm  to  sea  slap  center  of  pressure). 

In  that  case,  popping  the  relief  valve  is  ac- 
ceptable On  SS(!i)597  the  F lectric  Boat  Civision 
made  a computer  analysis  of  the  te-=porse  of  the  hy- 
draulic system  to  such  transient  leading.  For  that 
purpose  we  arbitrarily  indicated  that  the  loading 
could  be  taken  as 


1000  sin  lbs/sq.  ft.  where 

0.2  . 

T varies  from  0 to  0.  2 seconds 

7.  2 The  1000  p.  s.  (.  comes  from  a TKM  Ports- 
mouth analysis  of  casualties  to  bow  and  stern  planes 
of  the  S-48  to  51  and  1-1  to  3 classes,  duo  to  pound- 
ing in  a seaway.  Although  it  is  recognized  that  sea 
slap  can  he  several  timer,  greater  than  1000  p.  n.  f. 

it  is  implicitly  assumed  that  in  very  rough  weather 
the  submarine  will  submerge. 

Section  8 - Bearings 

8.  1 Departures  from  practice  liste  I in  "Tech- 
nical Practices  - Rudder  Dorian"  are  as  fellows: 

(a)  Laminated  pherolic  bearings  oto  not 
commonly  used  on  submarines. 

(b)  Anti-friction  (roller)  bearinor.  cne  not 
used  for  redial  loads.  Gun  metal  and  cobalt  base 
alloy  (such  as  made  by  the  Stoody  Co. ) are  the  us- 
ual materials  fr r radial  loading. 

(c)  Rudder  carrier  hearings  take  thrust  in 
n free-flooding  spare  They  are  made  of  nickel-cop- 
per silicon  alloy  (5-rnnsl  or  else  of  nickel  copper 
aluminum  alley  K Mmol).  A typical  install'-’ mu  is 
shown  in  p'oc  l-TR(M)585-519-1717b93.  Lc.  s costly 
materials  have  I een  tried  in  the  pa:*  hut  did  not 
give  r.atisfactory  service. 

Section  ? - rilling  nioieria! 

9.  1 Until  clout  1957  the  only  filling  material 
for  submarine  control  surfaces  was  wood,  plus  hot 
vegetable  pitch  to  fill  interstices. 

9.  2 Present  practice  uL-n  permits  use  of 
foamed- in  place  plastics  winch  'ire  expected  to  he 
cheaper.  In  order  to  get  high  crushing  strength  as 
needed  for  deep  submergence,  the  density  and  the 
wafer  absorption  of  the  plastic  must  be  caiefully 
selected. 

Section  10  - X-St  ern 

10.  1 The  x stem  of  ALRACORE  has  boon 
tested,  and  results  ate  available  in  formal  P I'MB 
classified  reports.  In  brief,  the  x-s!crn- 

(a)  solves  the  piohlem  of  getting  a feguate 
rudder  effectiveness  without  exceeding  hull  black 
dimensions, 

(b)  provides  increased  salc'y  in  rise  one 
ram  jams  hard  over  (per  DTMP  letter  noted  in  11.1) 

(c)  adds  ser  e complexity  t ' the  -nliels. 

(d)  provided  mere  diving  plane  eflcctive- 
. ness  than  desirable  at  hiqh  speeds. 

Section  11  - Dive  Brakes 

11.1  Dive  br  ikes  were  tested  at  sea  as  part 
of  the  ALBACORF  Phase  3 ccn\.ersion  tn  its.  DTMB 
Confidential  Letter  Report  09080/ALBACORC  (545: 
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CHANGES 


COMMENTS 


Insert  Page  1 5^ 

Change  # 1 8 Delete  sentences  in 
paragraph  8.1  after 
"...are  as  follows." 

Add  the  following: 

(a)  An t i - f r i c t i on  bearings 
are  no  longer  used  for  any 
submarine  control  surface 
stocks. 


Change  made  accord- 
ing to  NAVSEC  memo 
SER  2 9-61 ^ 8 D 


(b)  All  bearings  whether 
thrust  or  radial  on  rudders 
and  diving  planes  stocks  are 
cobalt  base  alloy  (M  I L- C - 1 53  **5  ) 
or  Stoddy  Co.,  Whittier, 

Calif,  alloys  1 and  6. 
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Calculation  of  Rudder  Plate  Thickness  for  Minimum  Weight 

W = Wt.  of  Rudder,  Lbs. 

2 

A = Rudder  area  = y O Ft. 

t ■ Min.  Rudder  Plate  Thickness  or  Adjusted  Thickness,  inches 
t'=  Stiffeners  and  Flat  Bars  Thickness,  inches  ’> 

b = Rudder  Span  = VC'  Ft. 
c = Mean  Chord  = /-4.5~Ft. 

D = Average  Rudder  Thickness  = 0.68^  x Mean  Thickness  = 
m = Stiffener  Panel  Constant  = 50  (For  the  Example 
in  Appendix  A) 

Mean  Thickness  = Maximum  Thickness  at  Mean  Chord  c . . r t . 

— I.  C'l  lS  S-r. 
a r b x c x D = 44  5:  7 

a 2=  A 5 12  = Z*. 

a3=(b  + c)*i*8=  J-*.  " f A8  = *.  / - 

t = a | x t ' ji 

m(a2  + a 3 x t' 


To  determine  minimum  thickness  based  on  cost 


the  equation  below  must  be  iterated  using  an  assumed  thickness 
t until  the  result  equals  zero.  It  will  be  useful  to  plot 
the  result  of  each  iteration  versus  t to  speed  convergence 
to  the  value  of  zero.  Since  the  equation  is  a cubical  equa- 
tion, at  least  three  points  should  be  plotted.  Note  that 
one  of  these  points  should  have  an  opposite  sign  compared 
with  the  other  points. 
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ABSTRACT 


This  report  presents  a semiempirical  curve  for  use  in  designing 
socketed  connections  subjected  to  pure  bending.  This  type  of  connection  is 
frequently  used  in  rudder  and  control  surface  connections  on  surface  ships 
and  submarines.  The  curve  is  for  use  only  within  a limited  range  of  param- 
eters considered  of  immediate  interest  to  the  Bureau  of  Ships.  These  include 
the  depth  of  penetration  of  the  shaft  into  the  socket,  the  thickness  of  the 
socket  wall,  the  presence  of  relief  in  the  socket  wall,  and  the  type  of  attach- 
ment of  the  stock  to  the  socket.  The  design  curve  was  obtained  by  measuring 
strains  at  discrete  locations  on  the  socketed  connection  loaded  in  pure  bending. 

The  tests  were  repeated  as  the  various  parameters  were  changed.  The  resulting 
design  curve  enables  the  user  to  predict  the  maximum  flexurul  stress  in  the 
socketed  connection  with  a stock  penetration  of  one  stock  diameter  or  more. 

INTRODUCTION 

One  of  the  problems  facing  the  ship  designer  is  the  socketeo  connection,  a type  used 
in  ship  construction.  Two  examples  of  its  use  are  in  the  connection  of  rudders  to  their 
stocks  and  ir  the  connection  of  diving  planes  to  their  stocks.  Most  of  these  designs  require 
the  insertion  of  a tapered  shaft  into  a matching  socket.  The  shaft  is  secured  either  by  a nut 
on  the  end  of  the  shaft  or  by  a tapered  key  driven  through  the  assembly. 

At  the  present  time,  most  designs  call  for  a penetration  of  2 or  2 1/2  stock  diameters. 

In  order  to  develop  the  surface  friction  of  the  joint,  the  two  pieces  must  be  fitted  so  that  they 
have  a metal-to-metal  contact  of  at  least  80  percent.  This  necessitates  machining  both  the 
tapered  end  of  the  stock  and  the  inside  of  the  socket  to  a very  smooth  finish  (16  rms  or  better) 
and  usually  requires  hand  finishing  during  assembly  . Considering  the  sizes  involved  on  some 
of  the  newer  ships,  it  is  obvious  that  such  an  assembly  is  both  large  and  very  costly.  The 
problem  was  aggravated  by  the  hull  shape  and  the  use  of  largo  single  propellers  with  shafts 
of  large  diameter  developed  for  USS  ALBACORE  and  subsequent  submarines.  These  hulls, 
which  narrow  toward  a point  at  the  stern,  do  not  have  sufficient  space  for  the  penetrations 
desired.  Thus,  considerable  interest  has  been  shown  in  improving  the  socketed  connection 
design,  particularly  nlong  the  lines  of  making  the  assembly  smaller  and  lighter. 

Because  of  the  need  for  a design  procedure  for  this  type  of  structure,  the  David  Taylor 
Model  Basin  was  requested1  to  determine  the  governing  design  criteria  for  this  type  of  joint 
under  pure  bending.  Specifically,  the  investigation  was  to  determine: 

a.  If  the  entiro  joint  assembly  should  be  treated  as  two  interacting  beams  or  as  a single 
monolithic  structure. 


Reference*,  are  Hated  on  p.i,»e  2S. 


b.  If  thoro  is  any  appreciable  difference  in  the  strength  of  the  joint  when  the  middle  third 
of  the  tapered  fit  is  relieved. 

c.  The  variation  in  the  strength  of  the  joint  as  the  length  of  the  taper  engagement  is 
varied  from  1/2  to  3 stock  diameters. 

d.  Tho  difference  in  cost  between  a rudder  nut  and  a taper  key  connection. 

Accordingly,  tests  were  conducted  at  the  Mode!  Basin  in  I960  and  1961  to  investigate 
the  above  requirements.  This  report  presents  the  results  of  an  investigation  conducted  on 
model  scale  and  includes  the  effects  of  stock  penetration,  yoke*  wall  thickness,  relief,  and 
type  of  ctock  attachment  (rudder  nut  or  tapered  key).  Within  the  limits  of  the  investigation, 
some  basic  conclusions  about  the  design  methods  are  drawn. 

DESCRIPTION  OF  MODELS 

- The  experimental  program  employed  scaled  models  of  typical  socketed  connections. 

The  models  were  designed  so  that  it  would  be  possible  to  investigate  the  effects  of  different 
stock  penetrations,  types  of  connections,  yoke  wall  thicknesses,  and  relief.  Since  the  pro- 
posed new  stern  arrangement  of  USS  ALBACORE2  (AGSS  569)  was  of  particular  interest,  it 
was  used  as  the  basic  structure  for  scaling  the  models. 

All  the  models  had  the  same  general  configuration  and  consisted  of  two  shafts  or 
stocks  made  of  4140  steel.  Material  properties  are  given  in  Table  1.  In  general,  the  models 

were  scaled  to  one-fourth  the  size  proposed 
for  ALBACORE.  The  model  stock  diameters 
were  4 1/2  in.  Each  stock  had  a 2 in/ft  of 
diameter  taper  on  one  end,  and  the  two  stocks  were 
joined  by  a yoke  as  shown  in  Figures  1 and  2. 

The  tapered  surfaces  were  ground  to  provide  at 
least  80  percent  contact  of  the  yoke  with  the 
stocks.  The  stocks  were  attached  to  the  yokes 
either  by  a tapered  key  or  by  a rudder  nut, 
as  shown  in  Figure  3.  One  of  the  yoke  wall 
thicknesses  was  scaled  from  that  proposed  for 
ALBACORE  and  a second  yoke  scaled  to  0.6  the 
thickness  was  made  to  determine  the  effects 
of  roducod  yoke  wall  thickness.  Duplicate 
models  were  made  to  determine  the  effect  of 
adding  a relief  to  the  middle  third  of  the  yoke 
except  at  1 1/4-diameter  penetration. 


TABLE  1 


Material  Properties 


T ensile 

Compressive 

Yield 

psi 

Piece 

Yield 

psi 

Ultimate 
psi  . 

Yoke  1 

42,500 

93,100 

43,100 

Yoke  2 

41,900 

93,500 

45,400 

Yoke  3 

42,900 

94,000 

44,200 

Yoke  4 

- 

- 

48/00 

Stock  1 

82,900 

111,200 

95,500 

Stock  2 

80,600 



108,800 

90,600 

Throughout  this  report,  the  piece  with  the  internal  tapered  socket*  will  be  referred  to  as  the  yoke. 


\v 

frffc:  <*••••*. 


Tapered  Key 


Taper 

(3-diameter 

penetration) 


Figure  2 - Model  Components 


AD-A071  783  ROSENBLATT  <M>  ANO  SON  INC  NEK  YORK  F/6  13/10 

DEVELOPMENT  OF  A TECHNICAL  PRACTICE  FOR  RUDDERS  AND  0IVIN6  PLAN— ETC (U) 
AU6  7*  R SHEFFIELD  N0002A-73-C-5189 

UNCLASSIFIED  MR/S-2566-3  NAVSEC-6136- 74-271  NL 


Pertinent  dimensions  for  nil  models  nre  given  in  Tuhle  2.  To  economize  on  model 
construction  costs,  two  basic  stocks  and  four  yokes  were  systematically  modified  during  the 
course  of  testing  to  provide  the  required  variations  in  parameters  for  the  18  models  listed  in 
Table  2. 

TABLE  2 


Principal  Tost  Dimensions 
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Model 

A 

B 

C 

D 

E 

F 

G 

H 

K 

L 

Nimber 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

in. 

_ 

13  1/2  or 

2 

3 Dia 

1/2 

1 1/4 

15  1/4 

12  1/2 

1 1/8 

30 

2 1/8 

6 3/4 

2 1/2 

3 

13  1/2  or 

4 

3 D i a 

1/2 

1 1/4 

15  1/4 

12  1/2 

11/16 

30 

2 1/8 

5 7/8 

2 1/2 

5 

4 1/2  or 

9 1/2 

1 1/4 

15  1/4 

2 1/8 

6 

1 Ota 

3/4 

1 

6 1/4 

3 1/2 

1 1/8 

30 

3 5/8 

6 3/4 

2 1/2 

7 

4 1/2  or 

9 1/2 

1 1/4 

15  1/4 

2 1/8 

r 

8 

1 Dia 

3/4 

1 

6 1/4 

3 1/2 

11/16 

30 

3 5/8 

5 7/8 

2 1/2 

9 

2 1/4  or 

10 

1/2  Dia 

11  3/4 

1 1/4 

15  1/4 

1 5/8 

1 1/8 

30 

2 1/8 

6 3/4 

2 1/2 

11 

2 1/4  or 

11  3/4 

1 1/4 

12 

1/2  Dia 

15  1/4 

1 5/8 

11/16 

30 

2 1/8 

5 7/8 

2 1/2 

13 

5 5/8  or 

14 

1 1/4  Dia 

0 

7 7/8 

13  1/2 

2 3/4 

1 1/8 

22  3/4 

4 1/2 

6 3/4 

2 1/2 

. 

• 

15 

5 5/8  or 

• 

16 

1 1/4  Dia 

0 

7 7/8 

13  1/2 

- 

1 1/8 

22  3/4 

4 1/2 

6 3/4 

2 1/2 

, 1 

\ i 

17 

5 5/8  or 

2 3/4 

! I 

18 

1 1/4  Oia 

0 

7 7/8 

13  1/2 

1 1/8 

22  3/4 

4 1/2 

5 3/4 

2 1/2 
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INSTRUMENTATION  AND  TEST  PROCEDURE 


I 

I 


4 


Prior  to  testing,  each  model  was  instrumented  with  strain  gages  as  shown  in  Figuro  4. 
Two  bnsic  groups  of  gages  were  used.  Tho  first  group  was  used  to  compare  longitudinal 
bending  strains  in  the  stock  and  yoke  with  theory  and  to  check  tho  symmetry  of  loading.  The 
second  group  was  used  to  measure  the  face  straias  in  order  to  determine  bearing  stresses. 


Figure  4 - Strain  Gage  Locations  for  Socketed  Joint  Connections 

Each  model  was  tested  in  the  600,000-lb  testing  machine.  The  basic  test  setup  is 
shown  in  Figure  5.  The  extreme  ends  of  the  model  were  supported  on  knife  edges.  The 
model  was  subjected  to  pure  bending  across  the  test  section  by  applying  the  load  through 
the  loading  beam.  The  loading  beam  was  used  to  keep  the  load  symmetric.  No  torque  or 
shear  was  applied  at  the  yoke. 

Tho  lest  of  each  model  consisted  of  loading  the  model  in  increments  of  1000  or 
2000  lb.  All  strain  gages  were  read  at  each  increment  of  load  This  procedure  was  con- 
tinued until  a maximum  strain  of  1000  pin/in.  was  observod.  The  tests  wore  stopped  ut  this 
point  since  no  yielding  could  be  permitted  because  the  various  pieces  were  to  be  used  again. 


1 


(Knife  Edge*  ** 

This  procedure  was  followed  on  all  testa  listed  in  Table  3. 

Up  to  this  point  nil  testing  was  static.  However,  there  is  considerable  vibration  of  the 
stocks  in  a ship  due  to  hull  frequency,  blade  frequency,  shaft  speed,  etc.  The  amplitude  and 
frequency  of  this  vibration  varies  considerably  from  ship  to  3hip,  and  no  given  vibratory 


■ 


TABLE  % 

Test  Schedule 


Test  Number* 

Model 

Number 

Penetration  in 
stock  diameters 

Yoke 

Relief 

Attachment 

3LTR 

2 

3 

Number  1 thick 

yes 

Taper  Key 

3STR 

4 

3 

Number  1 thin 

yes 

Taper  Key 

3LT 

1 

3 

Number  2 thick 

no 

Taper  Key 

3ST 

3 

3 

Number  3 thin 

no 

Taper  Key 

1.25LT 

13 

1 1/4 

Number  2 thick 

no 

Taper  Key 

1.25LN 

15 

1 1/4 

Number  2 thick 

no 

Rudder  Nut 

1.25(90)l_T 

17 

1 1/4 

Number  2 thick 

no 

Taper  Key 

1.25(S0)LN 

18 

1 1/4 

Number  2 thick 

no 

Rudder  Nut 

1.25(A)LT 

14 

1 1/4 

Number  2 thick 

no 

Taper  Key 

1.25(A)LN 

16 

1 1/4 

Number  2 thick 

no 

Rudder  Nut 

1LTR 

6 

1 

Number  4 thick 

yes 

Taper  Key 

1STR 

S 

1 

Number  4 thin 

yes 

Taper  Key 

1LT 

5 

1 

Number  2 thick 

no 

Taper  Key 

1ST 

7 

1 

Number  3 thin 

no 

Taper  Key 

0.5LT 

9 

1/2 

Number  2 thick 

no 

Taper  Key 

0.5ST 

11 

1/2 

Number  2 thin 

no 

Taper  Key 

0.5L1R 

10 

1/2 

Number  2 thick 

yes 

Taper  Key 

0.5STR 

12 

1/2 

Number  2 thin 

yes 

Taper  Key 

*The  meaning  of  the  test  number  la  at  follow*  ! 

* 

1.25  — Number  of  stock  diametara  of  penetration  of  stocks  into  yoke. 

(90)  - Special  consideration  — (A)  indicates  tests  run  after  vibration 
of  assembly,  (90)  indicates  taper  key  turned  vertical  instead 
of  on  neutral  avis. 

L — Thickness  of  yoke  — L Is  thick,  S is  thin. 

T — Type  of  attachment  — T is  taper  key,  N is  ruddsr  nut. 

K - Relief. 

II 

loading  can  bo  considered  as  representative  for  all  ships.  However,  it  was  felt  that  vibration 
should  not  be  neglected.  Accordingly,  a random  sinusoidal  vibration  with  a maximum  alter- 
nating force  of  - 1000  lb  and  a maximum  frequency  of  25  cps  was  applied  to  the  center  of  the 
model  by  means  of  a Lazari 1 oscillator.  This  vibratory  load  was  applied  for  8 hr  to  a thick 
yoke  model  having  a dopth  of  penetration  of  1 1/4  diameters.  The  model  used  had  a tapered 
koy  in  one  stock  and  n rudder  nut  in  the  other  stock.  Tending  loads  wero  applied  to  the  model 
before  and  after  vibration  and  the  strains  wore  compared. 


TEST  RESULTS 


The  bonding  strains  measured  on  the  extreme  fiber  of  the  yoko  during  these  tests  are 
converted  to  stresses  directly  from  the  following  equation: 


o • E t 


[11 


whero  a is  stress  in  psi, 

E is  modulus  of  elasticity  in  psi,  and 
« is  strain  in  in/in. 

The  resulting  stresses  for  the  models  with  tapered  key  are  plotted  in  Figures  6 through  12. 
Figure  13  compares  the  stresses  resulting  from  a tapered  key  connection  with  those  resulting 
from  a rudder  nut  connection.  All  these  strains  were  taken  at  an  applied  moment  of  75,000 
in-lb.  This  was  the  highest  moment  that  could  be  safely  applied  to  all  models  without  causing 
yielding.  In  each  of  these  figures  the  theoretical  stresses,  computed  by  assuming  the  structure 
to  be  monolithic,  were  also  plotted.  These  were  computed  from  the  equation: 


a 


He 

I 


(9) 


t 

t 

I 


where  a is  the  stress  in  psi, 

H is  applied  moment  in  in-lb, 

I is  moment  of  inertia  in4,  and 

c is  the  distance  from  the  neutral  axis  to  the  extreme  fiber  in  inches 

An  examination  of  Figures  6 through  13  indicates  differences  between  the  theoretical 
and  experimental  bending  stresses.  The  differences  become  quite  large  as  the  length  of 
penetration  is  reduced.  The  results  shown  in  these  figures  are  summarized  in  Table  4 which 
indicates  the  maximum  experimentally  determined  stress,  the  corresponding  theoretical  Btress 
computed  by  Equation  [2],  and  the  correction  factor  A',  which  is  the  ratio  of  these  two  stresses. 
The  variation  of  K with  penetration  is  plotted  in  Figure  14.  It  must  be  noted  that  all  the  re- 
sults are  based  on  Equation  [1].  This  is  not  strictly  corre. . when  the  depth  of  penetration  is 
very  small  or  when  the  yoke  is  very  thin.  Under  these  conditions  there  may  also  be  some  high 
circumferential  stresses.  This  is  evident  by  the  sign  reversal  in  the  bottom  fiber  of  the  small 
depth  of  penetration  models.  No  allowance  was  made  for  this  since  it  was  felt  that  the  stres- 
ses were  small  compared  to  the  maximum  bending  and  that  their  effects  were  accounted  for  in 
the  correction  factor.  This  is  one  ronson  for  limiting  the  use  of  Figure  14  to  one-diameter 
penetration  or  more. 

Other  types  of  data  also  collected  during  the  tests  included  face  stresses  (Tables  5 
and  6)  and  bending  results  before  and  after  vibration  (Figure  15).  One  result  of  the  vibration 
tests  was  that  the  rudder  nut  was  loose  at  tho  end  of  the  8 hr  of  vibration. 
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Figure  6 — Bonding  Stress  Distribution  for  Three-Diameter  Penetration 
Thick-Wall  Yoke,  75,000  In-Lb 
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Figure  6 - Bending  Stress  Distribution  for  1 1/4-Diameter  Penetration, 
Thick-Wall  Yoke,  75,000  In-Lb 
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Figure  9 - Bonding  Stress  Distribution  for  One-Diameter  Penetration, 
Thick-Wall  Yoke,  75,000  In-Lb 
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Figure  13  - Bending  Stress  Distribution  for  1 1/4-Diameter  Penetration 
Thick-Wall  Yoke,  75,000  In-Lb 


Figure  14  — “A'"  Factor  versus  Penetration 


TABLF  5 


Face  Stresses  at  a Moment  of  75,OCO  In-I.h 

Alt  stresnes  In  psi;  all  angles  in  deg. 


TABLE  6 

Face  Stresses  Measured  during  Maximum  Loading  Test 

The  atnim  shown  In  this  tnhle  or*  determines  elastically  from  measured  strains.  Therefore  stresses  above 
50,000  pel  are  not  valid. 


1 


Moment 

Key  End 

Nut  End 

M 

fb— in. 

Ceje* 

Stresses,  psi 

Gsje* 

Stresses,  psi 

A 

- 68,000 

A 

- 7,000 

a 

♦ 152,000 

a 

♦ 157,000 

B 

- 82,000 

B 

♦ 70,000 

b 

♦ 136.000 

b 

♦ 219,000 

900,000 

C 

- 40,000 

C 

- 3,000 

c 

- 12,000 

C 

♦ 71,000 

0 

♦ 3,000 

0 

_ 

d 

♦ 34,009 

d 

- 

A 

0 

A 

♦ 10.000 

a 

♦ 49,000 

a 

♦ 47,500 

B 

- 6,500 

B 

♦ 17,000 

b 

♦ 38,000 

b 

♦ 38,000 

940,000 

C 

- 6,600 

C 

♦ 1,000 

c 

- 2,000 

c 

♦ 34,500 

D 

♦ 4,000 

0 

- 

d 

♦ 17,000 

d 

- 

•Indicates  (age  loc3lton  m diagram. 
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Figure  15  - Effects  of  Vibration  on  Top  Fiber  Strains  of  the  Yoke 
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Tho  final  tost  was  taken  to  failure.  The  results  of  this  tost  are  shown  in  Figures  16 


through  21 


Ofignol  Shop*  of  Model 


Loot)  Condition 


Shope  of  Model  at  119 


Figure  17  — Sketch  of  Damage  to  Model 


Figure  18  - Closeup  of  Damage  to  Tapered  Key 


Figure  19  - Bending  Strain  Diatrihutiou  for  1 1/4-Diameter  Penetration 
Thick-Wall  Yoke,  at  a Moment  of  900,000  In-Lb 
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Figure  20  — Deflection  of  Head  of  Testing  Machine  versus  Applied  Load 


Figure  21  - Bending  Stresses  in  1 1/4-Diameter  Penetration,  Thick-Wall  Yoke, 

at  a Moment  of  540,000  In-Lb 


The  models  were  disassembled  after  each  test.  To  get  some  idea  of  the  joint  friction 
developed,  one  stock  was  removed  from  the  assembly  by  loading  the  model  in  tension  in  the 
testing  machine.  The  loads  required  to  romovo  the  stock  from  the  yoke  arc  tablulated  below: 


< 


i 


Penetration 

Load 

stock  diameter 

pounds 

3 

15,000  ± 1,000 

1 1/4 

not  removed 

1 

7,500  - 500 

..  All 

n i,000  i 500 

DISCUSSION  OF  RESULTS 

The  pertinent  rosults  obtained  from  this  program  are  summarized  in  Figure  14.  Within 
the  limits  imposed  by  the  experimental  program,  this  curve  can  be  used  to  predict  the  maxi- 
mum bending  stresses  in  a socketed  connection.  These  limits  are  as  follows: 

1.  The  stock  must  ponetrate  the  yoke  no  less  than  1 stock  diameter. 

2.  The  minimum  yoke  wull  thickness  must  be  no  less  than  0.15  stock  diameter. 

3.  No  torques  or  shear  stresses  are  applied  across  the  yoke. 

4.  The  taper  ratio  is  2 in,  ft  of  diameter. 

5.  If  relief  is  provided,  no  more  thun  the  middle  third  of  the  yoke  may  be  relieved. 

Although  these  limitations  do  not  necessarily  preclude  the  successful  design  of  other 
connections,  they  do  indicate  that  any  great  departure  from  them  would  require  additional 
experimental  verification. 

Within  those  limitations,  the  bending  stresses  can  be  computed  from  the  equations 


or 


/ 0 \ Me  t 

- (2.5  - — 1 — when  1 <0 <3.7 


(3a] 


Vc 

T 


when  0 > 3.7 


[3b] 


where  0 is  the  stock  penetration  in  stock  diameters  and  o,  M,  c,  and  / are  defined  in  Equation 
[2].  F.quations  [3]  are  valid  only  in  the  elastic  range. 

As  expected,  the  1/2-diameter  thin-wall  yoke  reached  the  1000  pin/in.  limit  at  a lower 
load  than  any  of  the  other  models.  This  load  was  equivalent  to  an  applied  moment  of  75,000 
in-lb  (35  percent  of  the  design  load  for  USS  ALBACORE).  Since  this  is  the  highest  moment 
that  could  bo  applied  to  ono  model,  it  is  the  moment  that  should  be  used  for  comparison  pur- 
poses. Therefore,  the  strains  observed  in  each  model  at  75,000  in-lb  are  presented.  Since  the 
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model  with  tho  thick-wall  yoke  having  a 1-diameter  depth  of  penetration  was  scaled  from  the 
proposed  ALUACOKE  design,  it  was  also  subjected  to  tho  proposed  design  moment,  210,000 
in-lb,  and  the  resulting  strains  wore  measured. 

Several  attempts  wore  made  to  calculate  the  faco  stresses  listed  in  Tnbles  5 und  G. 
However,  this  was  abandoned  as  impractical  because  of  the  large  number  of  variables  present. 
Within  the  tost  limits,  none  of  the  bearing  stresses  arc  high  enough  to  cause  concern  but  they 
should  be  considered  in  any  extreme  design. 

During  tho  majority  of  these  tests,  the  tapered  key  was  on  the  neutral  axis  so  that  the 
ex'rome  fiber  strains  would  not  be  influenced  locally  by  this  key.  Sinco  this  is  not  the  normal 
orientation,  one  test  was  run  with  a model  rotatod  00  deg  to  determine  any  adverse  effects 
from  testing  at  the  unusual  orientation.  Figure  13  indicates  that  there  are  no  adverse  effects 
provided  there  is  enough  area  to  prevent  a shear  failure  at  the  keyway. 

No  difference  in  cost  figures  between  the  rudder  nut  and  the  tapered  key  types  of 
assemblies  can  be  presented  except  on  the  model  scale.  It  took  about  twice  as  long  to  fabri- 
cate and  assemble  the  key  end  as  it  did  the  nut  end  although  the  material  costs  are  about  the 
samo  for  the  two  assemblies. 

When  tho  final  test  was  run,  it  was  decided  to  investigate  the  effects  of  gross  overload 
and  tost  to  failure.  It  was  hoped  to  learn  something  about  the  failure  mechanism  of  a joint  of 
this  nature.  As  the  tost  progressed,  however,  it  became  apparent  that  the  model  was  ductile 
enough  that  it  would  just  bend  excessively.  At  a load  of  119,000  lb,  which  corresponds  to  a 
moment  of  1,300,000  in-lb,  the  deflection  was  so  great  that  the  joint  was  considered  oper- 
ationally useless.  Examination  of  the  model  after  the  load  was  removed  showed  the  model  to 
bo  badly  deformed  (Figures  16  and  17).  The  disassembled  model  revealed  that  the  machined 
fit  was  budly  distorted  (Figure  16)  and  the  tapered  key  was  bent  (Figure  18).  No  apparent 
thread  damage  was  observed  at  the  nut  end. 

The  flexural  stresses  obtuined  during  these  tests  are  shown  in  Figure  19  for  a moment 
of  000,000  in-lb.  Although  this  moment  was  only  two-thirds  of  the  maximum  applied  moment, 
it  was  chosen  since  it  was  about  tho  highest  load  at  which  most  gages  were  still  operative. 

It  is  noted  that  the  data  of  Figure  19  do  not  fit  the  curve  of  Figure  14  due  to  yielding.  How- 
ever, by  using  a plot  of  head  deflection  versus  load  (Figure  20),  it  is  possible  to  get  some  idea 
of  the  onset  of  yielding  in  the  model.  If  the  flexural  stresses  are  plotted  for  a moment  of 
520,000  in-lb,  the  onset  of  yield  as  shown  by  the  head  deflection  (Figure  20),  the  results  are 
compatible  with  those  of  Figure  14.  To  provido  additional  data,  the  results  obtained  in  this 
way  aro  plotted  in  Figure  14.  The  slight  discrepancy  is  attributed  to  experimental  scatter 
and  nonsymmetry  of  loading. 


SUMMARY  AND  CONCLUSIONS 


Based  on  the  data  from  these  tests  the  following  conclusions  are  drawn: 
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1.  It  in  possible  to  predict  the  flexural  stresses,  within  design  accuracy,  for  a socketed 
connection  loadod  in  pure  bending  if  the  stock  penetrates  the  yoke  at  least  one  stock  diameter. 

2.  It  is  impractical  to  predict  the  stresses  on  the  face  of  the  yoke.  However,  within  the 
range  of  parameters  considered  in  these  tests,  the  face  stresses  arc  not  large  enough  to 
cause  concern. 

3.  Relief  does  not  significantly  affect  the  bending  stresses  in  the  yoke. 

4.  The  bending  stresses  are  about  the  same  whether  the  rudder  nut  or  the  tapered  key 
is  used. 

5.  The  1 1/4-diameter  model  began  to  yield  at  a moment  of  520,000  in-lb,  but  it  was  able 
to  sustain  a moment  of  1,300,000  in  lb  without  breaking.  However,  the  bearing  surfaces  were 
badly  deformed  and  a permanent  deflection  of  approximately  1/2  in.  was  observed. 

0.  On  the  model  scale,  the  cost  of  fabricating  the  nut  was  about  half  that  of  the  key. 
However,  this  may  be  entirely  different  for  full  scale. 

RECOMMENDATIONS 

If  a considerable  amount  of  design  work  outside  the  scope  of  this  program  is  planned, 
it  is  recommended  that  additional  experimental  work  be  done.  This  should  be  designed  to 
extend  the  curves  of  Figure  14  particularly  in  terms  of  yoke  thickness  and  taper  ratio. 
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